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Abstract

Abstract

In the last decades, becameevident that the world is facing an unprecedented, huriaduced
global biodiversitycrisis with amphibians being one of the most threatened species groups. About
41% of the amphilan species are classified as endangered by the IUCN, but even in amphibian
species that are listed as "ldasoncern”, population declines can be obsenmda local level. With
land-use changeand agrochemicals (i.e. pesticides)o of the main driversfor this amphibian
decline are directly linked tintensive agriculture, which is the dominant landscape type in large
parts of EuropeThus understanding the situation of amphibians time agricultural landscape is
crucial for conservation measureis the present thesisl investigated the effects ofiticulture on
amphibian populationsaround Landau irder Pfalz(Germany)in terms of habitat usepesticide
exposure biometric traitsas well aggenetic and age structuré:rom the perspective of amphibian
land-use changameans usually the destruction of habitaits agricultural landscapesvhich often
leads to landscape fragmentation. Thusfollowed the questionif also vineyardslead to the
fragmentation of the landscapand if pesticides that are frguently used in viticulture have to be
consideredas a factotoo, so if there is a chemical landscape fragmentatidsing telemetryl could
showthat common toadsBufo bufg can be found directly in vineyardsut that they tend to avoid
them as habita Analysingthe genetic structure of common frogR#éna temporariarevealed that
vineyards have to be considered as a barrier for amphibidasdentify if pesticides contributéo

the resulting landscape fragmentation, | conducted an arena choice iex@et in the laboratory in
which | found evidence for an avoidancepafsticidecontaminatedsoil. Such an avoidance could be
one of the underlying reasons for a potential chemical landscape fragmenta®igpncombining
telemetry data with information aboupesticide applications from local wine growgrsould show

that a large part of thecommon toadsis likely to comein contact with pesticidesFurther, |
demonstratedthat the agricultural landscap@robablydue tothe application ofpesticidescan hae
negative effects on the reproduction capacity of common toaBy. studying palmate newt
(Lissotriton helveticyd found that adult newts from agricultural ponds are smaller thiase from
forest ponds. As | did ndind differences in the age structe and growth these differencesmight be
carryover efects from earlier life stages. While agricultural ponds might be suitable habitats for
adult palmate newts, thepotential carry-over efect indicates suboptimal conditions for larvae
and/or juveniles.l conclude that the best management measure for sustaining amphibians in the
agricultural landscape would be a heterogeneous cultural landscape with a mosditfeoént
habitat patchesthat work without or at leasta reduced amount opesticides.Green corridors
between populations and different habitats would allow migratingividuals to avoidagricultural

and thuspesticidecontaminated areasThis would reducthe pesticideexposure risk of amphibians

while preventing théragmentation of the landsape and thushe isolation of populations



Zusammenfassung

Zusammenfassung

In den letzten Jahrzehnten wurde deutlich, dass die Welt mit einer beispiellosen, vom Menschen
verursachten Biodiversitatskrise konfrontiert ist. Eine der am stéarksten bedrohten Artengruppen
stellen dabei die Amphibien dar, so gelten laut IUCN 41% der Amphibienarten als gefahrdet. Jedoch
kénnen selbst bei Arten die als "least concern" klassifiziert sind Populationsriickgdnge auf lokaler
Ebene beobachtet werden. Mit einer veranderten Landnutzung derd Einsatz von Pestiziden sind
zwei der Hauptursachen fir diese Gefahrdung direkt mit intensiver Landwirtschaft verbunden. Daher
ist das Wissen um die Situation von Amphibien in der Agrarlandschaft von entscheidender
Bedeutung fUr Schutzmafinahmen. In derliegenden Arbeit wurden Amphibienpopulationen in der
durch Weinbau gepragten Gegend um Landau in der Pfalz (Deutschland) im Hinblick auf
Lebensraumnutzung, Pestizidexposition, biometrische Merkmale sowie der-Altatsgenetischer
Populationsstruktur ntersucht. Da Agrarflachen oft zur Fragmentierung von Landschaften fihren,
ging ich der Frage nach dalies auch auf Weinberge zutrifft und ob eingesetzte Pestizide zur
Fragmentierung beitragen, ob also eine chemische Landschaftsfragmentierung vorliedh. deir
Telemetrierung von ErdkroterBafo bufg konnte ich zeigen, dass diese Art direkt in Weinbergen
gefunden werden kanmdieseaber generell eher meidet. Die Analyse der genetischen Struktur von
GrasfroschenRana temporaripergab, dass Weinberge @srriere fir Amphibien anzusehen sind.

Um herauszufinden, ob Pestizide zu der daraus resultierenden Landschaftsfragmentierung beitragen,
fuhrte ich einen Wahlversuch im Labor durch, bei dem ich ein Vermeidungsverhalten gegeniber
kontaminierten Bdden fandwas zu einer chemischen Landschaftsfragmentierung fiilhren kdnnte.
Durch die Kombination von Telemetriedaten mit Daten Uber Pestizidanwendungen von lokalen
Winzern konnte ich zeigen, dass ein grof3er Teil der Erdkréten mit Pestiziden in Kontakt kommit.
AuRerden konnte gezeigt werden, dass sich die Agrarlandsalnadt hier wahrscheinlich Pestizide
negativ auf die Fortpflanzungsfahigkeit von Erdkroten auswiBei der Untersuchung von
Fadenmolchen L{ssotriton helveticysstellte ich fest, dass adulte Molche aGewassern irder
Agrarlandschaftleiner sind als Individueaus Gewéssern im Wald. Da keimterschied in der
Altersstruktur festgestellt weden konnte, konnta diese GréRenunterschiede auf suboptimale
Bedingungen fur Larven und/oder Jungtiere hindeuteenngleich Gewasser in der Agrarlandschaft
geeignete Lebensraume fiadulte Teichmolche sein konnten. Ich komme zu dem Schluss, dass die
beste Malnahme zum Schutz von Amphibien in der Agrarlandschaft eine heterogene
Kulturlandschaft mit einem Mosaik ausrgchiedenen Lebensraumen ware, die ohne oder zumindest
mit weniger Pestiziden auskomm&rine Korridore zwischen Populationen ufitkilebensraumen
wirden es wandernden Individuen ermdéglichen, landwirtschaftliche und damit pestizidbelastete
Flachen zu vergiden. Dies wirde das Risiko der Pestizidexposition von Amphibien verringern und

gleichzeitig die Fragmentierung der Landschaft und damit die Isolation von Populationen verhindern.
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1 Introduction

1. Introduction

1.1. Amphibians an overview

Amphibians are a class within vertebratbat develgped about 380million years agoToday,8,407
species are knowifAmphibiaWeb, 2021 )which aredivided into three recentorders that arealso
called LissamphibidVith 7,426 known specieshe order Anura (including all frogs artdads)is by
far the largest, followed by Caudatd6g salamanderand new species) and Gymnophion216
species)Exceptfor Antarctica, amphibiansan be founcon all continentswith the highestdiversity
in tropical regionsEurope especially Centrdturope is considered to be poor in speciegth only51
native Anuraand 41 Caudata species and Gymnophiona completblyent(Speybroeck et al., 2020)
For Germany20 native species 14 Anura,6 Caudata) are knowRoteListeGremium Amphibien

und Reptilien, 2020)

Amphibians derived their namfrom the Greek term"amphibious”, which means "dual life" and
refers to the speciabiphasiclife history and habitat requirements of amphibiar&he typical life
cycle of amphibians includes an aquatic embryotic and ladealelopment followed by the
metamorphosisduring which tadpolesdevelopinto froglets. Afterthe aquaticlife stage amphibians
spend most of their life in the terrestrial habitat andsit a water body regularly for mating.
However, there are countless exceptions from this life cycle, ranging d&rtutly aquatic life, over
terrestrial mating and terrestrial eggs but aquatic larvae, to a life cycle that is completely
independent ofan aquatic habitatsee Nunesle-almeida et al.(2021)for a full classification of
amphibian reproductive modgsSecies with alternative life cycles cafso be foundin Gantral
Europe but the typicallife cycle igoredominant For some European species like the common frog
(Rana temporarig the agile frogR. dalmatindor the common toadBufo bufd, the characteristics
of the terrestrial habitat are more important than tee of theaquatic habitat(Hartel et al., 2008;
Loman and Lardner, 20Q6)errestrial habitats can bseveralkilometresaway from a water body
resulting in longpre- or post-breeding migrations. Howevemost amphibians use tharea in a
distanceof up to 200 m (95% < 664 maround a breeding pond & terrestrial habitat but this
distance depends on the species ahé distibution of required habitat features in theespective
landscape(Rittenhouse and Semlitsch, 200T)h temperae regions, frosproof hiding places are
necessarybecause agctothermic speciesasmphibianscannd regulate their body temperatureand
only a fewspeciescansurvive sukzero temperatures over longer periodStorey and Storey, 2017)
Amphibiansalso rely on a moist environment, as they hava permeable skin (Kaufmann and
Dohmen, 2016yvhichis important for water uptakend gas exchangand everallows the uptake of

larger moleculegLlewelyn et al., 2016)
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Due to their biphasic life cycle, amphibians represent an important link between the aquatic and the
terrestrial world and playa crucial rde in both food websAnuran larvae arenerbivorousto
omivorousand are important forthe decomposition of organic materiah aquatic ecosystems
Caudata larvae are predatognd can thus regulate invertebratesincluding vectors of parasitic
diseases ke mosquitoegBrodman and Dorton, 2006; Dambach, 2028nphibian larvae cahave
very high densities and biomsess in water bodies. Thushe metamorphosisrepresents an
important flux of matterto the terrestrial habitat. For examplé South Carolina (USé&yer 360000
juveniles of 24 amphibian species with a total biomass of o@00Lkg emerged from a single
wetland during one breeding seasdibbons et al., 2006 errestrial amphibians are predatqry
whereby hey feed on everything they cawallow, makingthem important for pest control in some
areas (Civantos et al., 2012; Valend\guilar et al., 2013)At the same time, amphibians are
important prey for other vertebratesespecially athey canrepresentone of the highest vertebrate
biomas®s in some ecosystems Amphibiansalso contribute to several ecosystem services (see
Hocking and Babbitf2014)for a review),and theincreasing number of amphibian related citizen
science projects (e.gsenet et al., 208; Sterrett et al., 2019; Wilkinson and Arnell, 20i8)icates

their potential to engage the general public for science and conservation efforts.

1.2. Amphibians are endangered

In the last decades, lbecameevident that the world is facing annprecedented humaninduced

global biodiversity losDirzo and Raven, 2003Jext to climate change, this biodiversity crisis will be
the main challenge for humaniip the 21 centurywith unpredictable consequences for ecosystems
and society(Cardinale et al., 2012; Diaz et al., 2006; Hooper et al., 201 Burope, pgecies and
population declines can be founakcrossall ecosystems and all species groups, includimggcts
(Hallmann et al., 2017)pirds (Burns et al., 2021; Donald et al., 20@8)d mammals(Temple and
Terry, 2009)For amphibians, first records of population declirgssein the 19509Pechmann and
Wilbur, 1994) Nowadaysnumerousstudiesare documenting this worldwide amphibian crigslford

and Richards, 1999; Al l entoft and O Brien, 2010
Collins and Storfer, 2003; Houlahan et al., 2000ai$tet al., 2004; Wake, 1991/mphibians are

now considered to be more threatened than other species groiperfoot et al., 2021; Hoffmann et

al., 2010)and 41% of all species arelassified agndangeredby the IUCNIUCN, 2021)However,

also in species that are not listed as engared on an international scale, local population declines
can be observed. For example, the IUCN status of the common Badulifo) is "least concern”
(Agasyan et al., 2009but population declines have been reported onoadl level in the entire
distribution area (e.gBonardi et al., 2011; Carrier and Beebee, 2003; Kyek et al., 2017; Petrovan and
Schmidt, 2016)in the Red List oGermanyhalf of the nativespecies are classified as threatenédt

for 17 out of 20 species @ecline during the last 50 to 150 years is suspeciateListeGremium

8
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Amphibien und Reptilien, 2020pome of the main drivers for the global amphibian decline are
invasive species, ovexploitation, emerging infectious diseases, climate change, habitat destruction
and chemical pollution(Beebee and Griffiths, 2005; Collins and Storfer, 2003; Grant e2(Hl6;
Hayes et al., 2010T he last two factors are often linked to the intensification of agriculture since the
1950s (Beebee and Griffiths, 2008)so in a recent study, agriculture was identified as the most
prevalent threat for amphibians worldwideyith an especially high impact probability in Europe
(Harfoot et al., 2021)

1.3. Amphibians in agricultural landscapesdthe effect of pesticides

Today,about 40% of EuropgEurostat, 2020aand 48% d Germany(CIA, 2019xare agricuturally
used, making agriculturéhe most dominant landscape type in many regidfsley et al., 2005)
Therefore agriculturewasone of the main drivers for largecale land use changes during the last
centuries(Kaplan et al., 2012Fxtensive agriculture are often mosaics of used and unused areas
that can contribute to a more diverse landscaped thussupportbiodiversity(Benton et al., 2003)
including amphibias (Boissinot et al., 2019; Hartel et al., 2010; Hartel and von Wehrden, 2@13)
contrast, te intensification of agricultural areas during the last decadegenerally consideredio
havenegative effects on biodiveity (Dudley and Alexander, 2017; Emsen et al., 2016; Reidsma
et al., 2006) Thisintensification oftencausesa simplification of the landscap@enton et al., 2003)
and can include the drainageof wetlands, leading tothe loss of reproduction habitats ahany
amphibian species For example,Curado et al.(2011) showed that 57% of ponds disappeared
between 1975 and 2006 in an agricultural landscape in northern FreRemaining agricultural
ponds are usudf manmade andoften have a technical function (e.fpr storm water retention).
Yet, theycan still be habitats for porbdreeding amphibian speci¢dumeau et al., 2020; Lenhardt et
al., 2013) In some casesgriculturalponds are consideretb have thesame value foamphibians as
more natural habitats(Orchard et al., 2019)Their importance is evemmore pronounced when
amphbian populations are seen at the mep@pulation level, ashese pondscan bestepping stone
habitats between more favourablareasin fragmented landscapedhe location of a pond in an
agricultural landscapamplies that amphibians can also be found elitly in the agricultural
landscapeduring their pre or postbreeding migration During this time amphibiansface several
risksin the course of agricultural processeach asmowing or mechanical soil tillagevhich can
result in direct mortality(Humbert et al., 2009; Pfeffer et al., 201However,one of thegreatest
danges might come from exposure to pesticides that are frequently usedhiensive agricultural

landscapes.

Each yeampproximately360 million kg pesticide formulations are usidagricultural fields in the

European Union to control pestsveeds and diseasds order to improve crop yield¢Eurostat,
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2020. There are severglesticide classedargeting different pesgroups with herbicides (against
unwanted plants), fungicides (againgbathogenicfungi and oomycetep and insecticides (against
insects) being théhree most commam classeswith in total 327 million kg per yeaEurostat, 202p

In some crop types up to 21 pesticide applicatiper yearcan be observed in Central Europeg(
apple orchardsn Germany; treatment index = 3RoRRberg, 201 3However, aly a small part ofhe
applied pesticides reaches their target organjsamd the larger partenters the surrounding
environment(Pimentel, 1995)Asmany pesticides do not breakdown rapidly following application
they canaccumulate n soil and vegetation. In fact, most agricultural topsoil is contaminated with
pesticided Hvézdova et al . ,. Duetd dpiay drifesticides can tlsodfédundjin 2 01 9)
the vicinity ofthe actual application sitedn some case40% of the applieghesticideconcentration

can be measureéh a distance of 3 no a field (Cusaac et al., 2015; Otto et al., 201B)nst et al.
(1991)documented pesticide drift over 200 m, afthunthirasingham et al2011)evendetectedthe
insecticideendosulfan sulfate ilbromeliads in the cloud forests of Costa Rieaause of atmospheric
transport, kilometresaway from the next arable fieldlso pesticide exposarof mobile species like
insects, which are a common prey for amphibians, leads to a spread of pesticides to heeashgy

are not appliedBruhl et al., 2021)Due to spray drift ad run-off, pesticidescanalsoget into water
bodies within or near agricultural field&oessens et al., 2022; Reichenberger et al., 2007; Zhang et
al., 2018) Thus, amphibians came exposed to pesticides in both their aquatic and terrestrial life

stage.

Estimating the exposure addquaticamphibian life stages isomparablyeasy becauseggs,larvae or
reproducing adults can beeliably detectedin the aquatic habitatand the pesticide concentrations
in the watercanbe measuredlso over a specific time perioth contras, such arestimation is more
challengingfor the terrestrial habitaf asit requires detailed information abow speciesterrestrial
habitat use as well as information abothte number and timing opesticide applicationsAlthough
several studies showed that amphibiarsncbe found in agriculturdields (Knutson et al., 2004;
Muller et al., 2013; Schweizer, 2014nly a few took the next step and combined these data with
information about actual pesticide applations to demonstrate a spatigmporal overlap of
pesticides and amphibians in the fieBerger et al(2013)used drift fences tstudy the migration of
four temperate amphibian species amstimated the risk of exposure tine herbicideglyphosate.
They also analysed the spatitamporal overlap with mineral fertiliser, another group of agricultural
chemicalqBerger et al., 2012} enhardt et al(2015)expandedhe analysis of Berger et §2013)by
taking into account applications of other pesticides and the interception by cropsthrsk
mentioned studies documented a high spatiamporal overlap, but ithas to be pointed out that
they are based on the samthree-year data set from only one studsite in northeast Germany

Although some studieprovide evidence for previous pesticide gosure by detecting pesticides in

10
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tissue of amphibians (e.@malling et al., 2018nd some directlyinked them to agricultural habitat
use (e.g.Swanson et al., 2018}he actual knowledgeon the question whether amphibiansare

presentin agricultural fields during pesticide applicatiasstill limited.

Exposureto pesticides can have negative effects on amphibians during both the aquatic and the
terrestrial life stageln larvaeit can result in impairments in the behawr like abnormal swimming,
decreased activity and decreased feedi#gostini et al., 2020; Sievers et al., 208 well asn
deformations (Baier et al., 2016)damagesof the DNA(Goncgalves et al., 201,7)educed size at
metamorphosis(Baker et al., 2013and reduced survival rage(Agostini et al., 2020; Baker et al.,
2013) While effects duringhte aquatic life stages are studied frequentlyere is a lack of studies
focudng on pesticide exposure during the terrestrial life stag@uthl et al., 2011) However,
negativeeffects like altered biochemical processes in the lfx&an Meter et al., 2018p decreased
brain cholinesterase activitjHensonRamegy et al., 2008) alterations in the hepatic tissue and
erythrocyte nuclear abnormalitie-ranceBelussi et al., 2016)ncreased fatigu€Mitchkash et al.,
2014)or malformations(Guerra and Ardoz, 2016pd beendocumented Less is known abotihe
effects on the behaviouof terrestrial or adult amphibians. Several studiesstigated if there is an
avoidance behaviour against contaminated water bodieskahashi, 2007; Vonesh and Buck, 2007;
Wagner and Loétters, 2013)nd surfacegGertzog et al., 2011; OrtRantaliestra et al., 2005; Storrs
Méndez et al., 2009)ut results are partly contradictonAdams et al(2021a)showedthat exposure

to contaminated soil affects the locomotor activity and the feeding behaviour of juverile
temporaria What is even rare critical is thatthey further observed direct mdality of up to 60% of
the test animals. High mortality rates, in some cases of up to 100%, can also be found when
amphibians are directly oversprayed with pesticides at field gatethe laboratory(Belden et al.,
2010; Bruhl et al., 2013; Relyea, 20@@dde possiblalirect effecs on amphibians indirect effects,
e.g. effects of the pesticide on the food web and thus on the availability of preyrabable(Briihl
and Zaller, 2019)

The effects mentioned do not ongffect the individual, but also populatiess and metapopulatiors.

Impairments in the development andortality in larvaecan leadio smaller andewer metamarphs.

Juveniles play an important role the dispersal in many amphibiapeciegCushman, 200@ndthe

dispersal abilityof an individuakcan often be linked to body siz€Phillips et al., 2006;rdchet et al.,

2019, 2016h) Thus,this might directly affect the migration anherefore the gene flowbetween

populations which canthen lead to reduced fitness of a populatignAl | ent oft and O’ Br
Gene flow is also restricted when terrestrial amphibians die after contact with pestididesises

where anindividualavoids acontaminated areaits individualrisk might be reduced, but whegreen

corridorsin intensive agricultural landscapase lackingthis mightlead toareduced gene flow too.

Some studies investigated the effects of agricultural landscapthe genetic suicture orgene flow

11
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between amphibian populations (e.@ostanzi et al., 2018; Frei et al., 2016; Johansson et al., 2004)
but the landscape fragmentation due to pesticides, i.e. chemical landscape fragmenkat®largely

beenneglectedso far
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2 Objectives of the thesis

2. Objectives of the thesis

The overall goal of this thesis was tontribute to theassessmenbf amphibians in agricultural
landscapes and tinvestigate a potentia(chemical) landscape fragmentatiohfocused on three
amphibian speciesBufo bufg Rana temporariaand Lissotriton helveticysin avineyard dominated
landscape(Fig. 1) The sudy species were selected based on their abundance insthdy area

around Landau in der Pfalz (southern Rhinel®adatinate, Germany). In additipthey represent
specieswith different migration capacities, ranging from hundseofmeters (. helveticusto several

kilometres (B. bufg. Different spects of the overall goal were addressiedstudies ranging from

laboratory over semfield to field studiesand are presentedh five chapters of this thesis.

Chapter 1

Potential psticide exposure during the pdsteeding migration of the common toaB(ffo bufg in a
vineyard dominated landscape

In chapter 1 we used telemetry to track common toaldsly during their postbreeding migration to
answer one of the modbasicquestiors in the context of amphibians in viticultural landscape3o
common toads use vineyards as terrestrial habitat or do they avoid thadditionally, we combined
the data on the posbreeding migration with real pesticide application data from lagizle growers.
This allowedhe identification ofa potential spatal-temporal overlap of pesticide applications with
the terrestrial activity phase of common toadss well aghe estimaton of the pesticide exposure

risk of the population.

Chapter2

Avoidance behdor of juvenile common toad8(fo bufg in response to surface contamination by
different pesticides

For amphibians @ermanent cropsuch asvineyardsmight bea more suitable habitathan other
types ofagriculture Thus, the question arise@ghether awidance of vineyards couldat least partly-

be the result of avoidance ofpesticide contaminations, which would ke strong indicabor for
chemical landscape fragmentation. To answer this questi@nperformeda laboratory experiment,
in which juvenilecommon toads were placed in test arena$ which halfwasoversprayed withone

of seventested pesticides in ratesof 10% or 100% ahe maximum recommended field ratéive
fungicides,one herbicide andone insecticideused in viticulturewere tested We then filmed the
toads for 24 h and used tracking softwaredalculatethe proportion of time a toad spent on the
contaminated side to identifya potential avoidance behaviour of the toads towards pesticides
contaminations. As video analysis with trackaugtware is not always feasible, we further tested the

effect ofchanginghe sampling interval for manual data analyses.

13
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Chapter 3

Amphibian population genetics in agricultural landscapes: doeswture drive the population
structuring of the Europeatommon frog Rana temporarig?

In chapter3 we analysedmicrosatellite data to assess the gene flow between common fRané
temporarig) populations asan indirect detection methodfor landscape fragmentation. Landscape
genetic methods were used to idefyt landscape elements that explain the observed genetic
differentiation and thus to answer the questiowhether vineyardsmust be consideredasa barrier

for amphibiars.

Chapter 4

Pesticide exposure affects reproductive capacity of common tdadf® (bufg in a viticultural
landscape.

Besides(chemical) landscape fragmentatiaiso the number ofndividualsthat migrate between
populationsaffects the gene flow betweenthem. In amphibians, juveniles play an important role in
dispersallmpairments in the @productionlike a decreased fecundity (i.f@wer eggs) and/oil lower
fertilization rate (i.e. fewer hatatd tadpoles) as well as a lower survival rate angduced size of
tadpoles wouldthus contribute to a reduced gene flow between populatiohs.asemifield study,
we investigated the reprodttive capacity of common toadsom five breeding ponds with different

pesticide contamination levels and different proportions of agricultural areas around the pond.

Chapters

Influence of forest and agricultal landscapes on biometry, age and genetic structure in palmate
newt (Lissotriton helveticuspopulations

In chapter 5 we investigated palmate newtigsotriton helveticyspopulations from an intensive
wine-growing region and compared them with popuéats located in nearby forested ag in terms

of biometric traits,ageand genetic structureDifferences in biometric traits and age structure would
indicate negative effects of the habitat (forest/agriculture) on amphibipopulations while
differencesin the genetic structure would indicate a reduced gene flow between populations and

therefore a fragmentation of the landscape.
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Fig. 1. Overview of the study area in the greater area of Landau in der Pfalz (southern Rhi
Palatinate, Germany)lt is characterised by the Palatinate Forest in the west and agriculti
dominated by vineyards, in the ea&ircle colourefers to amphibian populations used in the studi
presented in chapters-5. Amphibian populations in chapter 1, 2 and Bufobufo, chapter 3 (Rana

temporaria chapter5 = Lissotriton helveticus
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Chapter 1- Highlights

Highlights
I We used telemetryo trackcommon toadsn an agriculturalandscape

Toads are using vineyards as habitats during theirposeding migration

1
1 Comparing used and available habitats shows that toads tend to avoid vineyards
1 Up to 24% of the breeding population are exposed to pesticides per day

1

A heterogeneous cultral landscape is vital for the conservation of amphibian populations

Graphical #stract

’k"\ Vineyards™

| Telemetry data |

+

| Pesticide application data |

$

Spatial-temporal overlap with pesticides

Up to 24% of the breeding population exposed per day

Abstract

Two important drivers of the global amphibian decline are habitat destruction due to an
intensification of farming and a related increase of pesticideiappbns.Recent studies have shown
that there might be an underestimated rigi pesticides orterrestrial amphibiansHowever there
aretoo few data on the terrestrial habitat use of amphibians in agricultural landscépestimate

the exposure riskTo fill this knowledge gap, we used telemetry to investigate the {bosteding
migration of 51 common toad8(fo bufg from a breeding pond in a vineyaddminated landscape

in Southern Palatinat§Germany). We expected most toads to migrate to the nedPajatinate
Forest asa terrestrial habitat. However, only four individuals reached the forest, suggesting that a
part of the population is inhabiting the agricultutahdscapeover large parts of the year. Individuals
were also found directly in the vinayds (15% of all relocations)ut 23% less often than expected
from a random choicend therefore tend to avoid vineyards as terrestrial habifbb. estimate a

possible spatialemporal overlap of toad migration and pesticide application, we combined
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Chapter 1- Introduction

telemetry data with information about pesticide applications from local wine growers. Seven
individuals had a high probability (> 75%) of being directly exposed to a pesticide application. Taking
spray drift and the hallife values of applied pesticides ind@count, the number of toads potentially
exposed raised to 15 individuals. We estimated that, on a single day up to 24&ovatfiole breeding
populationcame in contact with pesticides, resulting irhigh overall exposure riskPesticides can

have negatie effects on amphibians, and toads try to avoid vineyards as habitats. Therefere
conclude that aheterogeneous cultural landscapwith buffer strips around ponds, uncultivated
patches and migration corridormight be the best management measure foistining amphibians

in the agricultural landscape.

Keywords

Telemetry avoidance behavigfungicide viticulture, amphibian habitat selection
Introduction

Amphibian populations are declining on a global s¢aléord and Richards, 1999; Houlahan et al
2000; Stuart et al., 2004nd today 40% of all amphibian species are considered endang@&red,
2018) Some of the main drivers for this decline are climate change, invasive species, habitat
destruction and chemical pollution®eebee and Griffith®2005; Collins and Storfer, 200Grant et
al., 2016; Hayes et al., 2010 he last two factors are often linked to the intensification of agriculture
since the 19506Beebee and Griffiths, 20QB8)griculture is representing the dominant landscape type
in many areas of the worldFoley, 2005and tbday about 40% of the area of the European Union
(Eurostat, 2019and 48% of German{CIA, 2019js agriculturally usedlhe agricultural landscape of
large parts of Southern Palatinate (Germany) is dominated muititre (Lenhardt et al., 200)3wine

is cultivated by about 2,300 wine growers on an area ofkB84(Statistisches Landesamt Rheinland
Pfalz, 2018 In this region rain retention ponds serve as important habggbr several pond

breeding amphibian spées(Lenhardt et al., 2013

Although amphibians are usually associated with aquatic habitats, most tempebgphasic
amphibian speciealsodepend on a suitable terrestrial habitat. For some European species like the
common frog Rana temporarig the agile frog R. dalmatind or the common toadRufo bufg, the
characteristics of the terrestrial habitat are even more important than those of the [§biadtel et

al., 2008; Loman and Lardner, 2008} terrestrial habitat, vineyards might be more suitabdr
amphibians than other types of arable land, as wine is a permanent crop with greened rows and
shade during the summer. Howevevjne is usually cultivated in dry and warm areas, resulting in
suboptimal microclimates for most temperate amphibiansicditure is also a very intensive form of

agriculture, requiring mechanical practices such as tillage and mowing or the removal of leaves on
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the vine plants. Additionally, there are on average 9.5 pesticide applications between March and
mid-August in Gerrany, where mainly fungicides (average 8.8 applications), oftea rascture of
several products (average 1.6 products per application), are preventively used to protect the plants
primarily from powdery mildewErysiphe necatpand downy mildewRlasmopaa viticolg (Rol3berg

and Ipach, 2015)Pesticides are often applied shortly before or after a precipitation e(leznhardt

et al., 2013) The high number of pesticide applicatiansolvingtractors and other machinery might
induce an additionaldisturbarce of amphibians and result in a further devaluation of vineyards as

terrestrial habitat.

Studies on the detailed habitat use of amphibians in viticulture are lacking, but Tanadin{2&t1a)
showed that vineyaradlominated and environmenfriendly managd landscapes in Switzerland can
be habitats for fire salamander§#élamandra salamandjaa species with anainly terrestrial life
history. In general, within agricultural landscapes rmaade ponds often serve as important aquatic
habitats for pond-breedng amphibian specie@Beja and Alcazar, 2003; Berger et al., 2011; Knutson
et al., 2004; Lenhardt et al., 2013Jonsequently, amphibians can be found within agricultural fields
during their postbreeding migration(Berger et al., 2013; Kovar et al., 2088aud and Sanuy, 2005;
Schweizer, 2014especially when migration corridors are lacking. Depending otirtieethey spend

in a field during the posbreeding migration, they are potentially exposed to dangers linked to

agricultural practices like mechaail tillage or pesticide applications.

Several studies demonstrated that pesticides can have a negative effect on amphibians (see reviews
in Bruhl et al. (2011), Fryday and Thompson (2012) and Mann et al. j2008)only a few
investigated the effects fopesticides on terrestrialife stages Compared to other vertebrates
terrestrial amphibians have a highly permeable sifmufmann and Dohmen, 201@)at has an
important role in water regulatiofWells, 2007)but also facilitate the dermal uptake of esticides

(Storrs Méndez et al., 2009; Van Meter et al., 20P8sticide uptake is highest when individuals are
directly oversprayed with pesticidé¢¥an Meter et al., 2015rndhigh mortaliyy ratesof up to 100%

of tested individuals can be observedfe@d application rate¢Belden et al., 2010; Briihl et al., 2013;

R. A. Relyea, 2009Yoreover, manypesticidesdo not breakdown rapidly followingpplication but

remain on vegetation and sofl Hvézdova et al ., .Thosh@phibiaBsmight a et
come in contact with pesticides, even if they are not directly overspraleid.could lead to a dermal
pesticide uptake(Storrs Méndez et al., 2009; Van Meter et al., 2048yl a chronic exposure of
amphibians in agricultural area$his might beegeciallytrue as terrestrial amphibians are probably
unable to detect and therefore avoidontaminantson natural soils(Hatch et al., 2001; Storrs
Méndez et al., 20095uch an uptake might not result in direct mortality, but in an accumulation of

pesticdes and subethal effects(FranceBelussi et al., 2016; Hens&®amsey et al., 2008; Mitchkash
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et al.,, 2014; Van Meter et al., 2018pue to spray drift even individuals that are not direatly
agricultural fields might be exposed to pesticides. In aadist of 3n to the next agricultural field
concentrations of about 10% of the applied concentration can be fdu$aac et al., 2015; Otto et
al., 2015) For some pesticides this a rate that can lead to mortality in amphibia¢Brthl et al.,
2013) In general, detailed studies on the spattemporal overlap of amphibian migration and
pesticide application arstill scarce (but seBerger et al.Z013 and Lenhardt et al. (2014)and to

our knowledge investigations on the pesticide exposure risk gfldlians in vineyards do not exist.

In the present study we used telemetry to investigate the amphibian-postding migration and
habitat use in a vineyard dominated landscape. As model organism we used the commom.toad (
bufo), because it i®ne of the most common amphibian species in the study afleenhardt et al.,
2013) The studkd population consists of several hundred individuals breeding in a rain retention
pond. The area around this pond is dominated by vineyards, butshlsdberies and graksd can

be found. In a distance of 900 to the pond the Palatinate Forest begins, one of the biggest
contiguous blocks of forests in Central Europe. As the forest is within the migredjoercity of
common toads(Kovar et al., 2009; Sinsch, 1988; Sztstgcand Schabetsberger, 200and the
species is often associated with forest habit@#artel et al., 2008; Romero and Real, 1996; Salazar et
al., 2016) we expectedhat most toads migrate to the Palatinate Forest after breeding. However,
during migratbn B. bufomight cross vineyards and us®seas temporary habitat, where they could

be exposed to pesticides. We used telemetry data from 51 individuals and obtained data on pesticide
applications in vineyards task ifa) common toads are using vineyards habitat during their post
breeding migratioror if they are avoiding themmandif b) there is a spatiakmporal overlap with

pesticides and therefore an exposure of the common toad population.
Material and methods

Study species & study site

The comma toad,Bufo bufo(Linnaeus, 1758), is a medium sized anuran species (males uprim 89
and 63g; females up to 11linm and 13Qg; Ginther and Geigef2009) and one of themost
common amphibians in Europ&illero et al., 2014)it inhabits a wide range dfabitats including
agricultural landscapes. Although living mainly terrestrial, it depends on an aquatic habitat for
reproduction like most temperate amphibian species. In Germany, mating usually takes place after
hibernation during a short period in Metm and April(Glnther and Geiger, 20Q9Aquatic and
terrestrial habitats can be far apart, so annual (mass) migrations from a suitable hibernation site
towards the breeding pond and back to the terrestrial habitat over up to three kilometers can be
obsened (Gunther and Geiger, 20Q09lthough the common toad is not considered endangered on

an international ("least concern” by the IUCAgasyan et al., 2009y national ("least concern” by
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the red list GermanyKihnel et al., 2009cale, population decles have been reported on a local
level in the entire distribution area (e.Beebee and Carrier (2003), Bonardi et al. (2011), Kyek et al.
(2017) or Petrovan and Schmidt (20)L6)

We investigated the podbreeding migration of &@. bufopopulation in Siebleingen (Rhineland
Palatinate, Germany). Here, a permanent rain retention pof@l218368N, 8.04953& (WSG84),
196m as), surrounded by a vegetative buffer strip, is iamportant breeding reservoir with several
hundred breeding individuals each yeareTlandscape around the pond is dominated by vineyards
(Fig 1), but also forests, shrubberies and uncultivated land can be found. Vine is cultivated
conventionally as well as organically by several wine growers in small, neighboring paheels.
proportion of organic viticulture in our study area is not known, but it is higher than in whole
Palatinate (about 10%@tatistisches Landesamt Rheinlafhlz, 2018 Beside agricultural roads, two
roads are close to the pond. One of these roads is located betweerreeding pond (distance
pond and road about 5060) and the Palatinate Forest (distance to pond about @)0Here, a local
nature conservation group uses an amphibian fence to reduce road mortality of the common toads
during their spring migratioreach March and April.Between 2008 and 2018 the mean annual
temperature in the study area was 11.1°C and the average annual precipitation wasnt@data

from the weather station "Siebeldingen 88 / SBD" in a distance of aboutri2@0the pond; Weather
station Siebeldingen(2019).

Sampling of toads and preparation for telemetry

Common toads were captured in the pond surroundings after their reproduction in March 2017.
Toads were measured with a ruler to the nearest mm (snautt-length; SVL), weighed withdigital

scale (G & G M¥B+G 300g/0,01g, G&G GmbH, Germany) to the nearesgt &tl sexed based on

the presence of nuptial pad§inther and Geiger, 2009)Ve aimed to have a balanced sex ratio for
telemetry. A photo of the dorsal and the ventral sidesataken to recognize a toad in case that the
transmitter was shed. Captured toads were kept inL9uckets equipped with moist soil and leaves

for hiding until the evening. After sunset a BDradio transmitter with a whiantenna (2.1g,
lifespan of 20 024 weeks; Holohil Systems Ltd, Carp Ontario, Canada) was attached externally with
an aluminum chain belt around the toad's waist (mounting belt =g0.9Ve used 20 transmitters

with individual frequencies. The chain was covered with brown Rigst{PIASTI DIP International

Inc., Blaine, Minnesota, USA) to reduce lateral abrasion and reflections of the metal and therefore
decreasing the probability of predatiofindermaur et al., 2008)This mounting technique was
successfully used in several amphibialemetry studies (e.gDaversa et al. (2012), Frei et al. ( 2016)

or Indermaur et al. (2008) Following the recommendation of Richaetsal.(1994) that the weight
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of a transmitter should not exceed 10% of the body, only individuals with more tham@®degused.

Toads were released at the place of capture after handling.

| [ | Grassland & uncuttivated land
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Fig. 1:Map of study area. The distance to the Palatinate Forest is aboutm90bhe area it

dominated by vineyards.

Telemetry and data collection

Between the 18 of March and he 7" of September 2017 we located toads on a daily basis during
day time using a telemetry receiver-{R00, Communication Specialists Inc., CA, USA) with a Yagi
antenna via homingn with an accuracy of 3m and, if possible, a visual verification dieir
presence. Every movement exceedingc®® was recorded. For movements below rB0the exact
position was determined using a compass and an2@easuring tape. For longer distances a GPS
(Garmin eTrex Summit, International Inc., Olathe, KS, USA) wasAsséts device has an accuracy

of >4 m, we recorded the position three times with a time lag of several minutes and averaged the
coordinates. When a precise relocation was not possible without the destruction of the surrounding
habitat (e.g. when the tad was sitting in a dense bramble bush), endangering the toad or when it
was sitting on private property, we used triangulation of the signal from different locations to
estimate the toads” position. On each new position we estimated the proportion dbtgbthat was

covered (e.g. with vegetation or soil), seen from aboutB0above. We also noted whether or not a
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toad was sitting within a vineyard. If so, we measured the distance to the next vine row and the
distance between two rows with a measuringp& if not, we measured the distance to the next
vineyard. For distances over 80or when measuring in the field was not possible the distance was
measured in a Gl&or this purposea detailed vector map of all vineyards in the study area and the
breedng pond was created based on high resolution orthophotos (Luftbild RP Basisdienst; photos
taken on 1% of August 2016; resolution of 48n per pixel). Based on this mape also measured

the distance to the pond. We also noted every change on the toamsfipn and human activity (e.g.
pesticide application or mechanical soil tillage) that might had influenced the toads” behavior. The
health of the study animals, their weight and the fit of the belt was checked periodically. The
transmitter was removed icases of injuries, at the end of the study period or when the toad stayed
in the Palatine Forest for over one month. When a toad was found dead or only the transmitter was
found, all relocations since the last visual encounter or the last detected movewsne excluded

from the data set. Then, we reused the transmitter on a new toad collected in the pond
surroundings, whereby no toad was tracked twice. To examine if toads use the forest for hibernation

we tracked six additional toads during October and/é&nber 2017 on a weekly basis.

Ethics statement

The study was appr ondednehinigungsdirektion” SEid Refiekat -4Pbere
Nat ur s c hu{Neustadh ar dee Weinstralle, Germany; approval number: 422558

457(17))If necessary, the perission to enter private areas was given by the landowners.

Data analysis

All spatial data were handled in ArcGIS 10.4.1 (ESRI, Redlands, California) with the help ef python
scripts (python 2.7.10). Statistical analyses were performedi® Gore Team047).For GLMMs the
"mixed" function in the R package aféRingmann et al., 2018yas used, whereby p values for all
fixed factors were calculated via likelihood ratio tests. For all statistical tests the criterion for

significance was 0.05.

Postbreedingmigration behavior

For each toad we calculated the mean Euclidean distance between the positions before and after a
movement (nean, the total distance movedd(,) and the mean and maximum distance between

the pond and the position of a toadl g men: deond may. Moreover, we calculated an activity index

(Al), defined as the number of detected movements divided by the number of days tracked. For
individuals with at least three different positions the area of the home range (95% minimum convex
polygan: mcps) was calculated using the function "mcp"” in thep&kage adehabitatHRCalenge,

2006) We used linear models to investigate if sex, body condition (scaled mass index, SRHigsee
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and GreenZ009) or the tracking time had an influence dR, dmean dmax Alandmcps. We tested
dependent variables for normal distribution with a Shapifilk test and used log and square root

transformations to obtain normally distributed data if necessary.

Vinevyards as habitat

To analyze whether toads actlyeavoid vineyards we performed a design Il resource selection study
(Thomas and Taylor, 1990)here for each single individual an available and used resource (i.e.
habitat) is compared. Therefore, we considered each movement as a veddomnd used the
selected habitat at positio3 (vineyard yes/no) as used resource. The same binary classification was
used to calculate the proportion of available resources. For this calculation we assumed that the

toads' movements were limited to theindividual migration capacity that depends on the day. We

thus calculated the available habitat for a distancedd®+ 10% around4 (Havaiand- Further, we
expected that toads followed a targetientated movement. Hence, we limitéd,ianet0 an area of

+45° to the direction ob B To determine the proportion of vineyards lifyyaianie the vector map of

the vineyards in the study area was used. To compensate the effect of possible inaccuracies during
the mapping all vineyargolygons were bffered by minus two meters (average distance between
two wine rows; Rol3berg and Ipach (2035We calculated the availabknd used habitat for each
individual over all observed movements and compared them with a two sided Wilcoxon samed

test. Movenents whereH,.ianeWas completely within or outside of vineyards were excluded, as we
expected that the toad didn't have the possibility to reach a vineyard or another habitat,
respectively, and therefore no free choice on this day. We also excludedmamis (5.6 %) that

were limited, e.g. because they took place in a sewer.

A binomial regression model was used to analyze if the probability to be detected in a vineyard at
least once was the result of the number of days the individual was tradkedietrmine whether
the overall probability that a toad was using a vineyard as habitat increased during the year, we used
a binomial generalized lineamixed model (GLMM) with the habitat type (vineyargtes/no) of all
positions as response variable and thatal of the relocation as predictor. To take the individual
behavior from each toad into account we used the individual as random fa&@¢mausendividuals,
which were tracked only for some days, cannot provide information whether or notthe
probability to bedetectedin a vineyard increased over time, we excluded all individuals iese
tracked less thai86 days (i.ethe half of the study timgfor this GLMMTo test if the probability for
a toads” movement is higher in a vineyard compared to ottaditats, we used a binomial GLMM. A
significantly higher probability to change the position would indicate that toads are spending less
time in this habitat. As movements might be induced by other facbhmsidesthe habitat, also a
possible disturbances(g. tillage), the handling of a toad (e.g. checking the fit of the transmitter), and
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data on weather conditions (air temperature, humidity and precipitateeeTable A in Appendix A)
were used as fixed factors and the individual again as random fadtmrements directly after the

attachment of the transmitter were removed from the dataset.

We further analyzed if toads chose a random position within vineyards or if they preferred to sit right
under a vine row. Therefore, we used a two sided Wilcoxamesigank test to compare the distance
from a toads position to the next vine row with one quarter of the width between two vine rows
(range: 1.7/m to 3.1m) in that vineyard. One quarter of the width would be the average expected

value if toads are choogjna random location when sitting in a vineyard.

Pesticide applications and spatteimporal overlap

We obtained pesticide application data from ten conventional wine growers located < 10 km around
the study site. We assumed that these application datarapgesentative for our whole study area,
even if a part of the area is managed organically. We calculated the probapjlitiiat a vineyard

was treated with pesticides on the dajas
W {
3
where gz 4is thepercentage of the vineyards of the wine growefthat was treated on dayd, and
nis the number of all wine growers that reported pesticide application datal®). When a wine

grower reported that arapplication of all vineyards was spread over two or more days, we assumed

that the same percentage of its vineyards was treated on each day.

We combinedp, with presence/absence data of toads in vineyards to calculate the probability to

come in contact wh a pesticide at least once for each individual we tracked as

Qun p p L 2R

where diis: is the day of the first andl.s: the day of the last successful relocation of the individual

and vyis the binary information whether the toad was found within a vineyard onaay

Further we estimated the number of days with expected coincidences for each individual as

Qo Oz
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Finally, we calculated the percentage of the whole (breeding) population that can be expected to
come in contact with pesticides for each day as

.. €D s
nen ﬁzn zp 13t 0 Q"Qo

where nvd'is the number of individuals that were found in a vineyard angis the total number of
individuals that were tracked od. The termPlefty describes the part of the population that had not
reached the forest on dag and could therefore come in contact with pesticides. To calcukis,

we assumed that all individuals were migrating to the Palatinate Forest or another suitable lasbitat
longterm habitat or hibernation and thus left the agricultural area over the year. As we observed
different arrival times in the forest (se€&1), we assumed that this migration is a linear process over
249 days between the 8of March (first observé mating) and the 22 of November 2017 (first
subzero temperatures; weather statiorSiebeldingen 88 / SBD"Jhis results in a decrease Bleft

by 0.4% per day.

As an example from our data, on the"™2af July (=131 days after the first breeding) 67() of 9

(= nty) tracked individuals were found within a vineyard. On this day the probability that a vineyard
was treated with pesticides was 28%y€ 0.28). This resulted in a probability that an individual came

in contact with a pesticide of 6/9 * 28%19%. We assume that on the"2df July already 131*0.4%

= 52.4% of the population had reached the forest, leading to the assumption that 47.6% of the
population was still present within the agricultural ar&n we can expect that on this single day 9%

(=19% of 47.6%) of the wholweedingpopulation came potentially in contact with a pesticide.

Because pesticidado not break down immediatelfollowing application, we took the persistence of
pesticides into account and recalculatedy, exp, and pop,. Therefore, we used the half life values

of the pesticides (Bf) and grouped them according to Lenhardt et(2D14) A pesticide with a

<1 day was expected to have a persistence of one days@fldom 1-50 days a persistence of three
days and gersistence of 14 days was assumed for pesticides withs@I30 days. In case pesticides
had been applied in mixtures of several formulations or a formulation had more than one active
ingredient, we considered the active ingredient with the highesi,DHor pesticides where the BT
value was not known, we assumed a persistence of three days (median value of all formulations).
Toads sitting near vineyards might come in contact with pesticides due to spray drift. Within a
distance of 3n to the next vieyard pesticide might be founoh concentrations thatcould harm
amphibians. Consequently, all toads in a distance ofnx t8 the next vineyard were defined as

within a vineyard when recalculatirexg,, exp, and pop..
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Results

Postbreeding migration behsior

Between the 18 of March and ¥ of Septembe201751 toads (25 males, 26 females) were tracked
(Appendix B), whereby only one individual could be tracked over the whole time (173 days). The
most common reasons why the tracking ended was that thednaitter was shed (19 times) or
removed because of skin injuries caused by the transmitter (eight times) and because the individual
died because of predation (eleven times; see AppendiforBdetaily. Six individuals shed the
transmitter or died before th first relocation and were therefore excluded from analysis. The other
individuals were relocated between one and 173 times (mean £ 40 days). In total, we recorded

517 positions changes over 8M, 11.5 #10.6 per individual. The average distancevietn two
positions was 3™ (max = 480n). Toads changed their position on average every 4.1 days. Of all
relocations, 95% were within a distance of #8&o the pond (max = 1,23%). We did not find an
influence of the sex or the body condition (SMI)d¥a, mean Omax AlOr mcps (p > 0.05 in all linear
models). However, with the exception dfea, the time the individual was tracked had a significant

effect on these parameters (p < 0.005 in all linear models).

Four migrations to the forest couldebobserved during the study time, with arrivals ori"i May,
3 of June, 12 of July and 24 of August. Additionally, two of the six toads, which were tracked
exclusively in October and November, also reached the fore§t@2®ctober and 18 of November;

based on a weekly relocation).

Vineyards as habitat

Of 517 recorded movements 103 (20%) ended in a vineyardAFighere toads spent 15% of the

total time. In vineyards the mean distance of a hiding place to the vine row wasr@30.32m)

and therefore smaller than expected from a random choice within the vineyard #0525m;

Wilcoxon signedank test W = 1056, p<0.0001). Toads sitting outside of vineyards could be found

in a mean distance of 64 m {90m) to the next vineyard, whetey t he di st ance was °
for 7.2% of all relocations. On a new position toads were covered on average by 22%)( e.g.

with vegetation or soil. In 367 and 10 out of 485 cases where an assessment was possible, we found

the toad completely witrand without cover, respectively.
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Fig. 2:Positions (n = 516) of all toads that had been tracked between 18th of March and the

September 2017 for at least one day (n = 45). Tracks of different color show examples -
migration paths of eight ifferent individuals, including all individuals that reached the for
(individuals 4, 8, 33 and 45; other shown examples: individuals 6, 14, 18 and 19).

In total, 22 of 51 toads were detected in a vineyard at least once. Howtheeiprobability thata

toad used a vineyard as habitat during the study period is a function of tracking time (GLM,
p =0.0014; Table B and Fi@ in Appendix A). Accordingly, the probability that a toad used a vineyard
at least once is 14% after the first day, 54% after @8 &ay and 90% after 100 days of tracking. On
average 17% (¥4%) of all tracked toads were located within a vineyard per day, but on some days
up to two thirds could be found there (Fi8A and Appendix C). The time of the year had a significant
positiveeffect on the probability that a toad was detected in a vineyard (GLM#00051; Fig3B).
However, only six individuals were tracked longer than 86 days (mean = 223lays) and were

therefore considered in this GLMM.

To determine if toads avoid neéyards as habitat, we considered 188 movements, and therefore

habitat choices, of 36 individuals. Vineyards were used 23% less often than expected from a random
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habitat choice (observed: 64; expected: 83), resulting in a significant avoidance of vineyaodsls
(Wilcoxon signedlank test, W=113, p=0.0003). Weather conditions, the handling and a possible
disturbanceof the toad on the previous day had a significant effect on the probability of a movement
of a toad(GLMM, p < 0.0001 for all variablebyt also the factor vineyard influencélis probability
(GLMM, p = 0.03007; Table A in Appendix A). When holding the other predictors constant on their
mean value, the probability of a movement was 31% higher for toads found in a vineyard. A toad’s
disturbance (e.g. tractor) on the previous day increased the probability that a toad changed its

position by 224% and a handling (e.g. to check the transmitter) by 196%.

Pesticide applications and spatiémporal overlap

For the period from the 29 of March (first herbicide applications) to the 30of August (last
fungicide application; 154 days) each of the ten wine growers reported between eight and 12
pesticide applications (meanlO; see Table C in Appendix A). At least 35 different pesticide
formulations with 32 different active ingredients (Tableabd Ein Appendix A) had been applied,
whereby 88% of the used formulations are among the fungicides. Applications took place on 72
different days. Assuming that the pesticide data are representative fomthele study area, seven
tracked toads had a probability of over 75% to have been present within a vineyard during a
pesticide application at least once (Table 1 and#igTaking spray drift or the Byinto account this
number increased to nine and W4 individuals, respectively, and to 15 when both spray drift and the
DTso were considered. In the latter scenario, individuals might have been exposed to pesticides
contaminated soibver up to 21 days (Table 1, Fgand Appendix B). Based on ouriesdtions, up

to 9% or 24% (withut and with spray drift and BJ) of the reproductivecommon toad population

were exposed to pesticides on a single day. Fand Appendix C). Exposures can thus be expected

on 61 and 125 different days, respectively.

Table 1: Exposure risk for different scenarios. Mean, SD, min, max and median value for the
probability that a toad was exposed to pesticides at least oagp,\ and the number of coincidences
that can be expectedekp,) for four different scenarios (withnd without considering spray drift and

the DE, of applied pesticides). See also Fig. 4.

Scenario N &b
mean SD min  max median | mean SD min  max median
Application 0.20 0.35 0.00 0.94 0.00f 040 0.76 0.00 252 0.00
Application + spray drift 0.23 036 0.00 0.94 0.00/ 0.46 0.81 0.00 2.52 0.00
Application + Dz 0.34 043 0.00 1.00 0.00f 2.89 553 0.00 20.70 0.00
Application + spray drift + Bl 0.38 0.44 0.00 1.00 0.10/ 3.30 5.86 0.00 20.70 0.10
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Discussio

By applying telemetry we got an insight into the pbseéeding migration of common toads in an
agricultural landscape dominated by viticultu&e could show that toads are using the vineyards as
temporary habitats during podireeding migrationFurther, we could demonstrate that parts of the

population were likely exposed to pesticides during this migration.

Postbreeding migration behavior

Toads reached the Palatinate Forest in May, June, July, August, October and November 2017. These
very different arival times show a high plasticity in the pdseeding migration. Overall, the

observed posbreeding migration is in line with previous studiesadfilt B. bufo In our study 95% of
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all relocations were within a distance of 786to the pond and the mamum distance was 1,235.

Kovar et al(2009)found toads in a distance of up to 1,835 m from a breeding pond in regularly
mowed meadows in the Czech Republic. Sid&88)described summer habitats in a distances
between 55 and 1,60t in an area coverkwith pine forest and pastures in West Germany, and
Sztatecsnyand Schabetsberge(2005)followed toads to a distance of up to 1,060to the pond in

the Austrian Alps. Daversa et §012)observed a mean distance between two locations of 25 m
and a maimum distance of 387 m in a protected mountain region in Spain, which is only a little
shorter compared with our results (mear3F m, max = 480n). Also, the detected similar migration
behavior of both sexes correspond to existing knowle@Igaversa et al 2012; Kovar et al., 20Q9)
However, like in many studies on amphibian migration our data are probably underestimating the
real movement distance(Sinsch, 2014)For example, we calculated distances between two
observations as straight line, ignoring tlaetual movement path. Moreover, we did not record
nocturnal movements, when the individual returns to the same hiding place, and we removed the
transmitters of individuals in the Palatinate Forest before the actual hibernacula was reached.
However, overdl movement distances and home ranges in our agricultural landssapm to be

comparable with those in more natural habitat types.

Vineyards as habitat

Our telemetry data suggests that toads used the vineyards as temporary habitat and can be expected
to be within a vineyard at least once during their pdsteding migration. Nevertheless, common
toads are not using vineyards as often as expected from random habitat choice and therefore tend to
avoid them. By buffering the vineyapblygons by minus two mete for the calculation, our findings

are based on a conservative approach and the actual avoidance might be even more pronounced. An
avoidance of arable fields by common toads was also documented by Salazd2e1@)in Garford,

South East England, witeeout of 90 individuals that had been found around a pond in a farmland
area, not a single one was sitting directly within a cultivated field. Also Vos (@08l7)showed an
avoidance of agricultural areas, as four times more adults and ten times nnegiles were caught

in meadows than in arable land when using pitfall traps to study the small scalebmmesting
behavior of the common frogR; temporarid in the Netherlands. In a telemetry study in Spain on
natterjack toads B. calamitd agriculturalareas were the least preferred habitat tyg#liaud and
Sanuy, 2005)As a general rule agriculturedten have a negative effect on amphibian occurrence
and distribution on larger scal¢Beja and Alcazar, 2003; Boissinot et al., 2019; Piha et al., Ra@7;

et al., 2002; Suérez et al., 2018)though thisdependson the species in focuyKoumaris and Fahrig,
2016; Trochet et al., 2016For the common toad, Guillot et aR(Q16) showed that individals
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inhabiting farmlands have a higher body asymmetrgritioads from forests, probably because of

environmental stress during early life stages.

In our study we observed that the probability of detecting a toad in a vineyard is higher later in the
year (Table 3B). At the same time the quality of vineyardsahitdt might increase. For example,
there is hardly any shade in spring, what changes during the year when grapevine leaves are growing,
resulting in a more favorable microclimate for toads. We assume that vineyards are in general
suboptimal habitats fordads, especially in spring, and therefore are less often used as habitat. The
detected avoidance behavior solely being explained due to chemical contamination is unlikely, as the
number of pesticide applications is higher during summer than in the begjnoiirthe migration
season (Table 3C). Also laboratory studies demonstrated that terrestrial amphibians are unable to
detect contaminantson natural soil{Hatch et al., 2001; Storrs Méndez et al., 20068)wever, these
studies did not take accumulations pésticides and multiple applications into account, and were

also limited in the exposure period.

The pesticide application process itself (e.g. tractor passes) might also result in regular disturbances
of toads sitting in vineyards. Interviewed wine gew reported up to 12 pesticide applications
within 116 days, which means one application, i.e. possible disturbance, every 10 days (Table C in
Appendix A Next to pesticide applications alsgricultural practicedike tillage or mowing can be
observed,that might result in an additional disturbance of the toad and even lead to mortality of
individuals.In fact, three ofthe studiedtoads died because of agricultural processes, two of them
directly in vineyardsOn the other hand, we observed one toadimeadow whilét was mowed and
another one was buried in a vineyard while the soil was ploughed, and both toads survived without
obvious injuries. Also Pfeffer et §42011)showed that amphibians can survive when they are in a
field during a mechanicaba tillage. Agricultural practices might not only be part of the explanation

of the general avoidance behavior, but observed disturbances also had a significant effect on the
probability of a movement oB. bufo(Table A in Appendix A). However, even when included

known disturbances and other factors as exploratory variables in our analysis, the effect of vineyards
as habitat on the movement behavior was still significant. This implies that a toad is moving less in
other habitats than in vineyards. Thisight again be an indication of an unsuitable (micro)habitat

and/or the effect of pesticides and mechanical practices in the vineyard.

As vineyards are the most dominant agricultural type in the area around our studflsitbardt et

al., 2013;Statistishes Landesamt Rheinlaitdalz, 2018Fig 1) an avoidance would result in a strong
fragmentation of the breeding populations of common toads. Using landscape permeability models
Lenhardt et al.(2013) showed that vineyards in our study area indeed leadathigh degree of

fragmentation and even the complete isolation of some amphibian populations. However, due to its
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high migration capacity and the high number of breeding populations in the region, the common
toad was comparable littlaffected from fragmatation than other speciesn this model. A limited
migration would result in decreased gene flow between populations, decreasing the probability of
the longterm survival of a populatiof Al | ent of t a nUskingR.’ tdnpadraeiaas stu®/ 0 1 0 )
speciesLenhardt et al(2017)showed that vineyards increase the genetic isolation of populations in

the region around our study sit@nd that this isolation results in a decreased genetic diversity. Also
JeanMarc et al. (2018)lemonstrated that agriculture caact as a barrier on a larger scale and they
concluded that dispersal corridors like rivers, hedgerows and forests are important for survival and
dispersal of marbled newtsI fiturus marmoratus Therefore, management measures of amphibian
populations shald not stopat the creation of ponds or the improvement of wetlands, but give also
attention to the terrestrial habitat surrounding the breeding site. The importance of the landscape
composition and corridors connecting habitats had been discussed imsgeraphibian studies (e.g.
Boissinot et al. (2019), Hartel et al. (2009), Salazar et al. (2016), Sawatzky et al. (2019) or Vos et al.,
2007). For common toads, the characteristi€ the terrestrial habitat might even play a more
important role than thatof the pond(Hartel et al., 2008)

Pesticide applications and spatiémporal overlap

During common pesticide applications less than 0.1% of the pesticide amount reaches their target
organism(Pimentel, 1995pand as a result most agricultural topsoil antaminated with pesticides
(Hvézdova et al ., ,egef it sampleSwerevaken severabnhonth afted thd. 18s)
application( Hv € z d o v & . Eotour knbwledge,ZWrrérB datan pesticides in Central European
vineyards do not exist,ut it can be assumed that also in this type of agriculture a large part of the
applied pesticides are not reaching their target and thus drift into the environment. Hiding places of
toads in vineyards might be particularly contaminated, as we showed twalst are often sitting

near the vine row where pesticides are washed down from leaves right athem. Moreover,
herbicides are usually applied in an area of up to 30 cm to the vindRoWwberg and Ipach, 201%)
amphibians, psticide uptake is highesthen individuals are directly oversprayed with pesticides
(Van Meter et al.,, 2015)Direct overspray is a realistic scenario, as we detecteel toad in a
vineyard during day time outside its hiding place on a day were also pesticide applications were
reported (Fig A in Appendix A). Additionally, we observed several pesticide applications after sunset.
As toads are usually nighttive (i.e. outside of their hiding places), such evening applications make
direct overspray eventevenmore likely. Howeveran uptake is also possible when amphibians are

in contact with contaminated so{iStorrs Méndez et al., 2009; Van Meter et al., 2005)erefore,

toads might be exposed to pesticides even if there is an interception by the grapevines and despite

the fact that toads are usually covered.
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Although toads prefer other habitats than vineyards, we showed that up to 24% of the breeding
population of a pond situated in viticulture is getting in contact with pesticides during a single day.
Some individuals are potéally exposed over up to 21 days when considering the, Bid spray

drift. Taking spray drift into account might be a wecstse scenario. But even with the spray drift
intersection of a vineyard row, pesticide rates over 10% of the field rate are pogathin 3m (Otto

et al., 2015) This is a rate that can lead to acute mortality in amphibians for some fungicides in
laboratory exposure experiment8rihl et al., 2013)A high coincidence with pesticide applications
during the migration of amphibianssing ponds in agricultural areas was also observed in previous
studies. Berger et a{2013)calculated that up to 100% of a population is coming in contact with the
herbicide Glyphosate when studying the migration of four temperate amphibian speciesdEnpg

the pre-spawning migration up the 86% were exposed when considering all pest{tidiekardt et

al., 2014) In general, our estimations are following the conservative assumption that all individuals
are migrating to areas where they cannot comeamtact with pesticides. We also assumed that this
migration is a linear function over time. However, as two of six individuals that were tracked in
October/November reached the forest, our data suggests that such a migration is for many
individuals occuing late in the season, after the last pesticide application in the end of August. This
would result in an underestimation of the part of the population that is left in the agricultural
landscape and therefore, the percentage of individuals that comeritact with pesticides might be
even higher than we calculated. Also locating the toads only during the day might underestimate the
exposure risk as toads might be fountbre oftenin vineyards during the night, for example when
they cross a vineyard to griate between two hiding places. Therefore we expect that the exposure
of a large part of the population is likely, even if our estimations are only based on data of a few

individuals.

Several studies demonstrated that pesticidesn lead to mortality indrrestrial amphibians when
they are directly oversprayed in the laboratdielden et al., 2010; Brhl et al., 2013; Relyea, 2005)
Also Cusaac et al. (2016pund mortality after a overspray of Blanchard's cricket frogsri§
blanchard) in the laboratoy with the fungicide Headline AMP at concentrations similar to the
suggested label rateHowever, no increased mortality was observed in a semi field study with the
same fungicide concentrationand study species, but fungicides were applied aerially wi#mes
and concentration at g r oun dCudaax\eteal., 2045 gsaac et 4.9 % o f
(2017)could show that soil previously exposed keadline AMRcan also lead to mortality in the
toad Anaxyrus cognatusThe median lethal dose was%4higher than the maximum recommended
label rate(Cusaac et al., 201,7hut this might be a realistic worstise scenario on arable fields. In
the present study, we could not observe direct mortality that can be traced back to a pesticide

application. Howeer, juveniles which are usually tested in laboratory studiesight in generabe
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more sensitive to pesticides than adulfS€usaac et al., 2017Yhis is in line wittfBwanson et al.
(2018) where a comparable high degree of mortality was observed duhiegracking of northern
leopard frogs I(ithobates pipiens but all of them could be linked to predation events. However,
althoughL. pipiensspent just 6% of their time in agricultural fields, pesticide accumulations were
found when analyzing frog tissu&wanson et al., 2018Buch uptakes might result in sublethal
effects like alteredbiochemical processes in tHwer (Van Meter et al., 2018)a decreased brain
cholinesterase activittHensonRamsey et al., 20083lterations in the hepatic tissue amdythrocyte
nuclear abnormalitiegFranceBelussi et al., 201&)r an increasedatigue (Mitchkash et al., 2014)
Studies on uptakes and effects of pesticides used in vineyards on terrestrial amphibians are scarce.
However, several of these pesticides aenerally considered as potentially harmful. For example
folpet, the most widely used fungicide, is considered as-skitating (seeTable Din Appendix A
Therefore, the presence @. bufoduring or shortly after a pesticide application might alsaddo
pesticide accumulations and sublethal effects, even if toads are spending only some days within

vineyards.

The general trend in viticulture is moving in the direction of organic farrfidngvost and Pedneault,
2016; Willer and Lernoud, 200&lowever also in this management type plant protection products
are used. Unfortunately, also the actual effects of most organic plant protection products on
terrestrial amphibians remain unclear, as data on toxicity are lacking. In organic farming, copper is
often used as replacement for conventional fungiciff@sssler et al., 2011)esulting in a two times
higher copper concentration in the soil compared to conventional vineyards in Southern Palatinate
(Steinmetz et al., 2017)t is known that copper has netijge effects on amphibians in the aquatic
stage (GarciaMufioz et al., 2009; Wang et al., 2018azar et al(2009)showed that high copper
concentrations in the soil can have lethal effects on terrestriatradked salamander${ethodon
cinereu$. Testel concentrations were below concentrations document®dSteinmetz et al(2017)

for soils in vineyards, but here the majority of copper was bound to soil organic matter. However,
direct overspray or the contact with recently oversprayed soil might harmhaiorans. Therefore,
future studies should also focus on the effects that plant protection products used in organic farming
can have on terrestrial amphibians. While the trend to organic farming can be generally considered
as advantageou@ole et al., 208; PuigMontserrat et al., 2017)the danger for amphibians might

not decrease at the same scale. However, a diverse landscape with uncultivated patches and suitable

corridors might still be more important than the management type of vineyards.

Conclusion

Common toads tend to avoid vineyards, but they are still using them occasionally as habitat.

Therefore they might be exposed to pesticides. This combinatierposure despite avoidance
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might have possible negative effects from the individual (i.e.etbhbl to lethal effects due to contact
with pesticides) to the (meta)population level (i.e. restricted migration and therefore reduced gene
flow between populations). There is a knowledge gap about the toxicity of most conventional, but
also of organic plat protection products on terrestrial life phases of amphibians. Following the
precautionaryprinciplewe generally recommend the reduction of pesticide applications to decrease
the exposure risk of amphibians using vineyards as habitat. Reductions amnhg dertain time
windows intending to allow toads a safe migration, might not be effective because of the high
plasticity in the posbreeding migration. However, it might be worth to reduce applications when
juveniles emerge out of the water or when anipians are generally more active (e.g. during or
shortly after rain events or after sunset). A heterogeneous cultural landscape with buffer strips
around ponds, uncultivated patches and migration corridors that connect ponds and suitable
terrestrial habitds might be the best management measukénally, we encourage researchers to
perform similar studies with different amphibian species, in different types of agriculture and in
different regions, to provide more basic data which can be used for develapgeneral pesticide

risk assessment for amphibians.
Additional Information and Declarations

Acknowledgements

We would like to thank Johannes Jung, Marcel Muller, and Michael Schafer for their help during the
field work, Esther Schweizer for providing teletny equipment, the NABU Landau for borrowing an
amphibian fence, Patrick Lenhardt for providing spatial data to create the maps shown in this paper
and Elisabeth Haring for comments on an earlier version of the manus@iptare also grateful to

the Julus Kiihn Institute in Siebeldingen and Hans Jiirgen Hahn for their permission to carry out this
study around the pond in Siebeldingen. Finally, we would like to thank all wine growers who
provided application data and Peter Seitz for making contact with sofriaem. The work was

supported by the Deutsche ForschungsginschafDFGTH 18072).

Author Contributions

Christoph Leeb: Conceptualization, Formal Analysis, Investigation, Methodology, Wriliriginal

Draft Preparation, Writing review & editing Visualization.
Carsten Briuhl: Conceptualization, Supervision, Writawipw & editing.

Kathrin Theissinger: Conceptualization, Funding Acquisition, Resources, Supervision\féitiexy

& editing

37



Chapter 1- References

References

Agasyan, A., Avisi, A., Tuniyev, Rildsic, J.C., Lymberakis, P., Andrén, C., Cogalniceanu, D., Wilkinson, J., Ananjeva, N.,
Uzim, N., Orlov, N., Podloucky, R., Tuniyev, S., Kaya, U.,B280%ufo IUCN Red List Threatened Species 2009
e.T54596AL1. https://doi.org/http://dx.doi.org/10.23IUCN.UK.2009.RLTS.T54596A11159939.en

Alford, R.A., Richards, S.J., 1999. Global amphibian declines: A problem in applied ecology. Annu. Rev. Ecol. Syst. 30, 133
165. https://doi.org/10.1146/annurev.ecolsys.30.1.133

Al l ent oft, M. E . bal amphibian dedlines, ldss of gehalicldiversityGhdofitness: A review. Diversity 2, 47
71. https://doi.org/10.3390/d2010047

Bazar, M.A., Quinn, M.J., Mozzachio, K., Bleiler, J.A., Archer, C.R., Phillips, C.T., Johnson, M.S., 2009. Toxiook®gcal resp
of red-backed salamander®lethodon cinere)go soil exposures of copper. Arch. Environ. Contam. Toxicol. 5%, 116
122. https://doi.org/10.1007/s0024908-9232-4

Beebee, T.J.C., Carrier, J.A., 2003. Recent, substantial, and unexplained declinesrofrtbe tmadBufo bufoin lowland
England. Biol. Conserv. 111, 3999.

Beebee, T.J.C., Griffiths, R.A., 2005. The amphibian decline crisis: A watershed for conservation biology? Biol. Conserv. 125
271-285. https://doi.org/10.1016/j.biocon.2005.04.009

Beja,P., Alcazar, R., 2003. Conservation of Mediterranean temporary ponds under agricultural intensification: An evaluation
using amphibians. Biol. Conserv. 114,-&76. https://doi.org/10.1016/S0008207(03)00054X

Belden, J., McMurry, S., Smith, L., ReillBy, 2010. Acute toxicity of fungicide formulations to amphibians at
environmentally relevant concentrations. Environ. Toxicol. Chem. 29,-2480. https://doi.org/10.1002/etc.297

Berger, G., Graef, F., Pfeffer, H., 2013. Glyphosate applications on &ieddite considerably coincide with migrating
amphibiansSci. Rep. 3, 2622. https://doi.org/10.1038/srep02622

Berger, G., Pfeffer, H., Kalettka, T., 2011. Amphibienschutz in kleingewasserreichen Ackerbaugebieten. Natur & Text,
Rangsdorf.

Boissinot, A., Besird, A., Lourdais, O., 2019. Amphibian diversity in farmlands: Combined influences of bestedany
landscape attributes in western France. Agric. Ecosyst. Environ. 269, -61.51
https://doi.org/10.1016/j.agee.2018.09.016

Bonardi, A., Manenti, R., Cotth&, A., Ferri, V., Fiacchini, D., Giovine, G., Macchi, S., Romanazzi, E., Soccini, C., Bottoni, L.,
PadoaSchioppa, E., Ficetola, G.F., 2011. Usefulness of volunteer data to measure the large scale decline of
“common” toad popul a23282834. httpd/ida.drg/10.Wd6Y.siccan2011.06.814

Bruhl, C.A., Pieper, S., Weber, B., 2011. Amphibians at risk? Susceptibility of terrestrial amphibian life stages és.pesticid
Environ. Toxicol. Chem. 30, 248872. https://doi.org/10.1002/etc.650

Bruhl, C.A., Schmidt, T., Pieper, S., Alscher, A., 2013. Terrestrial pesticide exposure of amphibians: An underestienated caus
of global decline? Sci. Rep. 3, 1135. https://doi.org/10.1038/srep01135

Calenge, C., 2006. The package adehabitat for the Rameft a tool for the analysis of space and habitat use by animals.
Ecol. Modell. 197, 51&619.

CIA, 2019. The world factbook. https//www.cia.gov/library/publicationsftherld-factbook/ (accessed 08 February 2019).

Collins, J.P., Storfer, A., 2003. Glolahphibian declines: Sorting the hypotheses. Divers. Distrib. 99839
https://doi.org/10.1046/j.14724642.2003.00012.x

Cusaac, J.P.W., Mimbs, W.H., Belden, J.B., Smith, L.M., McMurry, S.T., 2017. Factors influencing the toxicity of Headline®
fungicides taerrestrial stage toads. Environ. Toxicol. Chem. 36, 28G88. https://doi.org/10.1002/etc.3816

Cusaac, J.P.W., Mimbs, W.H., Belden, J.B., Smith, L.M., McMurry, S.T., 2015. Terrestrial exposure and effects of Headline
AMP®Fungicide on amphibians. Ecatokigy 24, 13441351. https://doi.org/10.1007/s10646151509-6

38



Chapter 1- References

Cusaac, J.P.W., Morrison, S.A., Belden, J.B., Smith, L.M., McMurry, S.T., 2016. Acute toxicity of Headline® fungicide to
Bl anchar d’ sAcris blanchard Ecotdéxicabogys?5, 44455. https://doi.org/10.1007/s10648151602x

Daversa, D.R., Muths, E., Bosch, J., 2012. Terrestrial movement patterns of the commdufoduli{d in Central Spain
reveal habitat of conservation importance. J. Herpetol. 46,-668. https://doi.org/10.16D/11-012

Eurostat, 2019. Land use overview by NUTS 2 regions- Agriculture
http://appsso.eurostat.ec.europa.eu/nui/show.do?query=BOOKMARKS@IE21_QID_59255FAF_UID_
3F171EBO&layout=TIME,C,X,0;GEO,L,Y,0;UNIT,L,Z,0;,LANDUSE,L,Z,1;INDICATORS,C,Z&D®&zSelection
669621INDICATORS,0OBS_FLAGGBR1LANDUSE,LUABED621UNIT,PC;&rankN (accessed 12 March 2018).

Foley, J.A., 2005. Global consequences of land use. Science. 38X 4 Tatps://doi.org/10.1126/science.1111772

FranceBelussi, L., Moreno, L., Tripol, Natale, G.S., Pé#igesias, J.M., de Oliveira, C., 2016. Effects of glyphosate on
hepatic tissue evaluating melanomacrophages and erythrocytes responses in neotropical &eptadactylus
latinasus Environ. Sci. Pollut. Res. 23, 983261. https:/doi.org/10.1007/s11356016-6153z

Frei, M., Csencsics, D., Brodbeck, S., Schweizer, E., Biihler, C., Gugerli, F., BolligelCdma@iiy landscape genetics,
radio-tracking and longerm monitoring to derive management implications for Natterjackds#pidalea calamitp
in agricultural landscapes. J. Nat. Conserv. 32322https://doi.org/10.1016/j.jnc.2016.04.002

Fryday, S., Thompson, H., 2012. Toxicity of pesticides to aquatic and terrestrial life stages of amphibians and occurrence,
habitat use and exposure of amphibian species in agricultural environments. Support. Pe84.3E14-348.

GarciaMufioz, E., Guerrero, F., Parra, G., 2009. Effects of copper sulfate on growth, development, and escape behavior in
Epidalea calamita embryos and larvae. Arch. Environ. Contam. Toxicol. 56, 55@5.
https://doi.org/10.1007/s00244008-9201y

Gessler, C., Pertot, I., Perazzolli, M., 20lldsmopara viticolaA review of knowledge on downy mildew of grapevine and
effective disease management. Phytopathol. Med. 50, 3-44. https://doi.org/10.14601/Phytopathol_Meditesr
9360

Grant, E.H.C., Miller, D.AW., Schmidt, B.R., Adams, M.J., Amburgey, S.M., Chambert, T., Cruickshank, S.S., Fisher, R.N.,
Green, D.M., Hossack, B.R., Johnson, P.T.J., Joseph, M.B.oR#teihA.G., Ryan, M.E., Waddle, J.H., Walls, S.C.,
Bailey, L.L., Fellers, G.M., Gorman, T.A., Ray, A.M., Pilliod, D.S., Price, S.J., Saenz, D., Sadinski, W., Muths, E., 2016.
Quantitative evidence for the effects of multiple drivers on continestdleamphibian declines. Sci. Rep. 6, 25625.
https://doi.org/10.1038/srep25625

Guillot, H., Boissinot, A., Angelier, F., Lourdais, O., Bonnet, X., Brischoux, F., 2016. Landscape influences the wiorphology
male common toadsBufo bufg. Agric. EcosysEnviron 233, 106110. https://doi.org/10.1016/j.agee.2016.08.032

Gunther, R., Geiger, A., 20@@xdkrote - Bufo bufo(Linnaeus, 1758), in: Gunther, R. (Ed.), Die Amphibien Und Reptilien
Deutschlands. Spektrum Verlag, Heidelberg, pp—202.

Hartel, T., Nemes,.S, Cogalniceanu, D., Ol lerer, K. , Pohcagdalgndsdapel . , Les
determinants of Rana dalmatinapopulation sizes in a Romanian rural landscape. Acta Oecol. 35953
https://doi.org/10.1016/j.actao.2008.08.002

Hartel, T, Nemes, S., Demeter, L., Oller, K., 2008. Pond and landscape characteristiush is more important for
common toadsBufo bufg? A case study from central Romania. Appl. Herpstd-12.

Hatch, A.C., Belden, L.K., Scheessele, E., Blaustein,0QR Jwenile amphibians do not avoid potentially lethal levels of
urea on soil substrate. Environ. Toxicol. Chem. 20, 23285. https://doi.org/10.1002/etc.5620201027

Hayes, T.B., Falso, P., Gallipeau, S., Stice, M., 2010. The cause of global ampghibias: @ developmental
endocrinologist’s per-938etps:idui.erg/101242/jgb040865Bi ol . 213, 921

HensonRamsey, H., Kennedtoskopf, S., Levine, J.F., Taylor, S.K., Shea, D., Stoskopf, M.K., 2008. Acute toxicity and tissue

distributions of malathion in Ambystoma tigrinum Arch. Environ. Contam. Toxicol. 55, -4&47.

39



Chapter 1- References

https://doi.org/10.1007/s00244007-9091-4

Hole, D.G., Perkins, A.J., Wilson, J.D., Alexander, I.H., Grice, P. V., Evans, A.D., 2005. Does organic farming benefit
biodiversty? Biol. Conserv. 122, 14B30. https://doi.org/10.1016/j.biocon.2004.07.018

Houlahan, J.E., Findlay, C.S., Schmidt, B.R., Meyer, A.H., Kuzmin, S.L., 2000. Quantitative evidence for global amphibian
population declines. Nature 404, 75255. https://doi.arg/Doi 10.1038/35008052

Hveézdova, M. , Kosubova, P., KosSi kova, M., Scherr, K. E. , ¢
Svobodova, M., KrkosSkova, L., VasSickova, J., Neuwirthov
used pesticides in Cematt European arable soils. Sci. Total Environ. —-618, 361370.
https://doi.org/10.1016/j.scitotenv.2017.09.049

Indermaur, L., Schmidt, B.R., Tockner, K., 2008. Effect of transmitter mass and tracking duration on body mass change of
two anuran species. Aphib. Reptil. 29, 26269.

IUCN, 2018. The IUCN red list of threatened species. Version220tt&://www.iucnredlist.org (accessed 23 February
2018).

JeanMarc, C., Pascal, M., Alexandre, B., Francis, I.N., Sandra, G., Olivier, L., Audrey, T., QuehgatHe, L., Francois, V.,
Pierre, G., Sophie, M.P., Damien, P., 2018. Agricultural landscapes and the Loire River influence the genetic structure
of the marbled newt in Western France. Sci. Rep—821https://doi.org/10.1038/s4159818-32514y

Kaufmann, K., Dohmen, P., 2016. Adaption of a dermal in vitro method to investigate the uptake of chemicals across
amphibian skin. Environ. Sci. Eur. 28.31 https://doi.org/10.1186/s1230:016-0080y

Knutson, M.G., Richardson, W.B., Reineke, D.M., Gray,MaRelee, J.R., Weick, S.E., 2004. Agricultural ponds support
amphibian populations. Ecol. Appl. 14, 6684. https://doi.org/10.1890/025305

Koumaris, A., Fahrig, L., 2016. Different anuran species show different relationships to agricultural intéetiityds 36,
731-744. https://doi.org/10.1007/s1315D160781-4

Kovar, R., Brabec, M., Bocek, R., Vita, R., 2009. Spring migration distances of some Central European amphibian species.
Amphib. Reptil30, 367-378. https://doi.org/10.1163/156853809788795@3

Kuhnel, K., Geiger, A., Laufer, H., Podloucky, R., Schlipmann, M., 2009. Rote Liste und Gesamtartenliste der Lurche
(Amphibia) Deutschlands. Rote List. gefahrdeter Tiere, Pflanz. und Pilze Deutschlands, Band 1 Wirbeltiere 70, 231
256.

Kyek, M., Kaufmanm®.H., Lindner, R., 201Differing long term trends for two common amphibian specisf¢ bufoand
Rana temporaria in alpine landscapes of Salzburg, AustridPLoS One 12, e0187148.
https://doi.org/10.1371/journal.pone.0187148

Lenhardt, P.P., Briuhl, C.Berger, G., 2014 lemporal coincidence of amphibian migration and pesticide applications on
arable fields in spring. Basic Appl. Ecol. 166384https://doi.org/10.1016/j.baae.2014.10.005

Lenhardt, P.P., Brihl, C.A., Leeb, C., Theissinger, K., 2017ibiampopulation genetics in agricultural landscapes: does
viniculture drive the population structuring of the European common frB@n@ temporarig? Peerd 5, €3520.
https://doi.org/10.7717/peerj.3520

Lenhardt, P.P., Schéfer, R.B., Theissinger, K., Bri#h| 2013An expertbased landscape permeability model for assessing
the impact of agricultural management on amphibian migration. Basic Appl. Ecol. 14;45442
https://doi.org/10.1016/j.baae.2013.05.004

Loman, J., Lardner, B., 2006. Does pond qulatitiy frogs Rana arvaliend Rana temporarian agricultural landscapes? A
field experiment. J. Appl. Ecol. 43, 6900. https://doi.org/10.1111/j.13682664.2006.01172.x

Mann, R.M., Hyne, R. V., Choung, C.B., Wilson, S.P., 2009. Amphibians and abdbahicals: Review of the risks in a
complex environment. Environ. Pollut. 157, 292827. https://doi.org/10.1016/j.envpol.2009.05.015

Miaud, C., Sanuy, D., 2005. Terrestrial habitat preferences of the natterjack toad during and after the breedingns@ason

40



Chapter 1- References

landscape of intensive agricultural activity. Amphib. Reptil. 26, -366.
https://doi.org/10.1163/156853805774408496

Mitchkash, M.G., McPeek, T., Boone, M.D., 2014. The effects-lofexposure to carbaryl or atrazine on the locomotor
performance ad overwinter growth and survival of juvenile spotted salamand@mlfystoma maculatuim Environ.
Toxicol. Chem. 33, 54B852. https://doi.org/10.1002/etc.2451

Otto, S., Loddo, D., Baldoin, C., Zanin, G., 2015. Spray drift reduction techniques for vimefragieented landscapes. J.
Environ. Manage. 162, 290 29288. https://doi.org/10.1016/j.jenvman.2015.07.060

Peig, J., Green, A.J., 2009. New perspectives for estimating body condition from mass/length data: The scaled mass index as
an alternative methodOikos 118, 18831891. https://doi.org/10.1111/j.160706.2009.17643.x

Petrovan, S.0., Schmidt, B.R., 20¥®lunteer conservation action data reveals laggpale and londgerm negative
population trends of a widespread amphibian, the common tod&Lf¢ bdo). PLoS One 11, e0161943.
https://doi.org/10.1371/journal.pone.0161943

Pfeffer, H., Stachow, U., Fischer, A., 2011. Mechanische Schadigung von Amphibien durch Landmaschinen im Ackerbau, in:
Berger, G., Pfeffer, H., Kalettka, T. (Eds.), Amphibienschidteimgewéasserreichen Ackerbaugebieten. Natur & Text,
Rangsdorf, pp. 19204.

Piha, H., Luoto, M., Merila, J., 20@¥nphibian occurrence is influenced by current and historic landscape characteristics.
Ecol. Appl. 17, 2292309. https://doi.org/10.1890/061509.1

Pimentel, D., 1995. Amounts of pesticides reaching target pests: Environmental impacts and ethics. J. Agric. Environ. Ethics
8, 17-29. https://doi.org/10.1007/BF02286399

Provost, C., Pedneault, K., 2016. The organic vineyard as a balanced ecobystieved organic grape management and
impacts on wine quality. Sci. Hortic. 208:88. https://doi.org/10.1016/j.scienta.2016.04.024

PuigMontserrat, X., Stefanescu, C., Torre, |., Palet, J., Fabregas, E., Dantart, J., Arrizabalaga, A., FlagueEfiect201
organic and conventional crop management on vineyard biodiversity. Agric. Ecosyst. Environ. 2Z&, 19
https://doi.org/10.1016/j.agee.2017.04.005

R Core Team, 2017. R: A Language and Environment for Statistical Computing. R Found. Stat. Comp
https://doi.org/10.1007/9783-540-746867

Ray, N., Lehmann, A., Joly, P., 2002. Modeling spatial distribution of amphibian populations: A GIS approach based on
habitat matrix permeability. Biodivers. Conserv. 11, 224%5. https://doi.org/10.1023/A:121390527698

Relyea, R.A., 2005. The lethal impact of Roundup on aquatic and terrestrial amphibians. Ecol. Appl. 13,24118
https://doi.org/10.1890/041291

Richards, S.J., Sinsch, U., Alford, R.A., 1994. Radio tracking, in: Heyer, W.R., DonnégDhMrfid, R.W., Hayek, L.C.,
Foster, M.S. (Eds.), Measuring and Monitoring Biological Diversity: Standard Methods for Amphibians. Smithsonian
Intitution Press, Washington, pp. 1:567.

Romero, J., Real, R., 1996. Macroenvironmental factors as ultimagndatnts of distribution of common toad and
natterjack toad in the south of Spain. Ecography. 19;-303. https://doi.org/10.1111/j.16080587.1996.tb01258.x

Rofberg, D., Ipach, R., 20Bshebungen zur Anwendung von Pflanzenschutzmitteln im Weinbaiir. Quft. 67, 416416.
https://doi.org/10.5073/JFK.2015.12.03

Salazar, R.D., Montgomery, R.A., Thresher, S.E., Macdonald, D.WM2a@pthg the relative probability of common toad
occurrence in terrestrial lowland farm habitat in the United Kingdom. PLOS8e 11, 214.
https://doi.org/10.1371/journal.pone.0148269

Sawatzky, M.E., Martin, A.E., Fahrig, L., 2019. Landscape context is more important than wetland buffers for farmland
amphibians. Agric. EcosyEmnviron. 269, 97106. https://doi.org/10.1016/j.age.2018.09.021

Schweizer, E., 201Raumnutzung der KreuzkrotBiffo calamitd im Ackerbaugebiet. Bachelor Thesis. University of Applied

41



Chapter 1- References

Science Zurich.

Sillero, N., Campos, J., Bonardi, A., Corti, C., Creemers, R., Creghet, P. Cr n o b r nDeroél,IMs, &itelola, GiF.¢ , J. .,
Gongalves, J., Kuzmin, S., Lymberakis, P., de Pous, P., Rodriguez, A., Sindaco, R., Speybroeck, J., Toxopeus, B., Vieites,
D.R., Vences, M., 201dpdated distribution and biogeography of amphibians and reptiles of Europe. AnfRéptil.
35, 1-31. https://doi.org/10.1163/1568538D0002935

Silva, V., Mol, H.G.J., Zomer, P., Tienstra, M., Ritsema, C.J., Geissen, V., 2019. Pesticide residues in Europedn agricultura
soils— A hidden reality unfolded. Sci. Total Environ. 653, $3325. https://doi.org/10.1016/j.scitotenv.2018.10.441

Singmann, H., Bolker, B., Westfall, J., Aust, F., 2018. afex: Analysis of Factorial Expd&Rimankage version 0.22
https://CRAN.Rproject.org/package=afex.

Sinsch, U., 2014. Movement ecology ofghibians: from individual migratory behaviour to spatially structured populations
in heterogeneous landscapes. Can. J. Zool. 925021 https://doi.org/10.1139/cj20130028

Sinsch, U., 1988. Seasonal changes in the migratory behaviour of theBidfacbufo: direction and magnitude of
movements Oecologia 76, 3998. https://doi.org/10.1007/BF00377034

Statistisches Landesamt Rheinlafhlz, 2018. Die Landwirtschaft 2017. Band 410. Bad Ems.

Steinmetz, Z., Kenngott, K.G.J., Azeroual, M., Schéfer, é&h8un&nn, G.E., 201Fractionation of copper and uranium in
organic and conventional vineyard soils and adjacent stream sediments studied by sequential extraction. J. Soils
Sediments 17, 1094100. https://doi.org/10.1007/s1136816-1623y

Storrs MéndezS.I., Tillitt, D.E., Rittenhouse, T.A.G., Semlitsch, R.D., 2009. Behavioral response and kinetics of terrestrial
atrazine exposure in American ToadBufo americands Arch. Environ. Contam. Toxicol. 57, -S5@y.
https://doi.org/10.1007/s00244009-92920

Suart, S.N., Chanson, J.S., Cox, N.A,, Young, B.E., Rodrigues, A.S.L., Fischman, D.L., Waller, R.W., 2004. Statdis and trends
amphibian declines and extinctions worldwide. Science. 306,-A7&85. https://doi.org/10.1126/science.1103538

Suérez, R.P., Zaagnini, M.E., Babbitt, K.J., Calamari, N.C., Natale, G.S., Cerezo, A., Codugnello, N., Boca, T., Damonte, M.J.,
VeraCandioti, J., Gavid?izarro, G.l., 2016. Anuran responses to spatial patterns of agricultural landscapes in
Argentina. Landsc. Ecol. 2485-2505. https://doi.org/10.1007/s1098016-0426-2

Swanson, J.E., Muths, E., Pierce, C.L., Dinsmore, S.J., Vandever, M.W., Hladik, M.L., Smalling, K.L., 2018. Exploring the
amphibian exposome in an agricultural landscape using telemetry and passiveirgangai. Rep. 8, 0.
https://doi.org/10.1038/s41598018-281323

Sztatecsny, M., Schabetsberger, R., 20@®. thin air: vertical migration, body condition, and quality of terrestrial habitats
of alpine common toadBufo bufo Can. J. Zool. 83, 7886. https://doi.org/10.1139/z05071

Tanadini, M., Schmidt, B.R., Meier, P., Pellet, J., Perrin, N., 2012. Maintenance of biodiversity in-doveyjzated
landscapes: A case study on larval salamanders. Anim. Conserv. 3413®ittps://doi.org/10.1111/j1469
1795.2011.00492.x

Thomas, D.L., Taylor, E.J., 1990. Study designs and tests for comparing resource use and availability. J. Wildl. Manage. 54,
322. https://doi.org/10.2307/3809050

Trochet, A., Dechartre, J., Le Chevalier, H., Baillat, B., Calv@&ar@het, S., Ribéron, A., 2016. Effects of habitat and
fragmentedlandscape parameters on amphibian distribution at a large spatial scale. Herpetol. J-&4, 73

Van Meter, R.J., Glinski, D.A., Henderson, W.M., Garrison, A.W., Cyterski, M., Puruck1%.Pesticide uptake across
the amphibian dermis through soil and overspray exposures. Arch. Environ. Contam. Toxicol. 656545
https://doi.org/10.1007/s00244015-01832

Van Meter, R.J., Glinski, D.A., Hong, T., Cyterski, M., Henderson, W.MkePui®.T., 2014. Estimating terrestrial
amphibian  pesticide body burden through dermal exposure. EnviroRollut. 193, 262268.
https://doi.org/10.1016/j.envpol.2014.07.003

42



Chapter 1- Supporting information

Van Meter, R.J., Glinski, D.A., Purucker, S.T., Henderson, W.M. Irifli8ce ¢ exposure to pesticide mixtures on the
metabolomic profile in postetamorphic green frogsLithobates clamitans Sci. Total Environ. 624, 134359.
https://doi.org/10.1016/j.scitotenv.2017.12.175

Vos, C.C., Goedhart, P.W., Lammertsma, D.R., Sp#reder Sluijs, A.M., 2007. Matrix permeability of agricultural
landscapes: an analysis of the common friegr{a temporaria Herpetol. J. 17, 17482.

Wang, C., Liang, G., Chai, L., Wang, H., 2016. Effects of copper on growth, metamorphosis and endagtime afiufo
gargarizandarvae. Aquat. Toxicol. 170,-230. https://doi.org/10.1016/j.aquatox.2015.10.023

Weather station Siebeldingen, 20109. Weather station Siebeldingen88 / SBD
http://www.am.rlp.de/Internet/ AM/NotesAM.nsflamweb/752dcel127578072cc12%b0020c16c?OpenDocument&
TableRow=2.8 (accessed 12 February 2019).

Wells, K.D., 2007. The ecology and behavior of amphibians. The University of Chicago Press, Chicago.

Willer, H., Lernoud, J., 2016. The world of organic agriculture: Statistics & emtegidg 2016. Research Institute of
Organic Agriculture (FiBL), Frick, and IFGAMganics International, Bonn. https://doi.org/10.4324/9781849775991

Supporting information

AppendixA . Additional tables and figures.
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Figure A:A common toad Bufo bufg that was found in a vineyard outside its hiding place in

afternoon of the 2% of July 2017. Four of ten wine growers reported pesticide applications or
day (see Table C), making a direct overspraying of toads likely. The telemetry transnaitpertmof

the mounting belt can be seen.
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Table A:Detailed result of the GLMM relating the probability of a toad's movement and variables
describing the weather, a disturbance and a handling the day before and if the toad was sitting in a

vineyard or not

Coefficient Estimate Std. Error  z value Pr(>|z|)
(Intercept) -1.241 0.1405 -8.836 < 0.0001 ***
Sum precipitatiort 0.246 0.0615  3.999 < 0.0001 ***
Mean humidity1 0.244 0.061 3.996 <0.0001 ***
Min Temperature1 0.577 0.082 7.002 <0.0001 **=*
Min Temperature"z1 -0.235 0.073 -3.209 0.00133 **
Disturbance 2.504 0.413 6.055 < 0.0001 ***
Handling? 2.076 0.286 7.260 < 0.0001 ***
Vineyard 0.375 0.173 2.169 0.03007 *

! During the night/day before the potential movement (24 h, starting at 6 am endéy before the relocation). Data with a temporal
resolution of 1 h were received from the weather stati®iébeldingen 88 / SBD".

20n the day before thpotential movement

=]

Number of individuals

Apr Mai Jun Jul Aug Sep
time of year

Figure BNumber of individuals that had been tracked for each day betwéenis" of March and
7" of September 2017 (bright bars) and number of individuals that had been found in a vin

(dark bars). Altogether 51 toads had been tracked.

Table BDetailed result of the GLM relating if a toad used a vineyard as habitaastsonce with the

days the individuals had been tracked.

Coefficients  Estimate Std. Error z value Pr(>|z|) value
(Intercept) -1.817 0.630 -2.886 0.0039 **
Days trackec 0.040 0.012 3.199 0.0014 **
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Figure CThe probability to be found in a vineyhat least once as a function of days an individ
had been tracked (grey area = 95% CI). Dots are representing individuals that had been trac

at least one day (n = 45).
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Table C:Pesticide applications that were reported from local wine grosvgn = 10). The assumed
persistence is based on the ®f the active indigent of the formulation (see Table D). When a wine
grower reported that an application of all vineyards was spread over two or more days, each day was
weighted accordingly ("Part”)For formulations in quotation marks the exact name of the

formulation was not clearrertilisers and wetting agents were not taken into account.

Wine Date Applied pesticides Part Highest Ass_umed
grower DTso persistence

A 29.03.2017 Durano TF (Glyphosait 0.10 23.79 3
A 30.03.2017 Durano TF (Glyphosate) 0.10 23.79 3
A 31.03.2017 THIOVIT JET (Sulfur) 0.50 3 3
A 01.04.2017 THIOVIT JET (Sulfur) 0.50 3 3
A 10.05.2017 THIOVIT JET (Sulfur), Polyram® WG (Metiram) 0.14 7 3
A 11.05.2017 THIOVIT JET (Sulfi®plyram® WG (Metiram) 0.14 7 3
A 12.05.2017 THIOVIT JET (Sulfur), Polyram® WG (Metiram) 0.14 7 3
A 13.05.2017 THIOVIT JET (Sulfur), Polyram® WG (Metiram) 0.14 7 3
A 14.05.2017 THIOVIT JET (Sulfur), Polyram® WG (Metiram) 0.14 7 3
A 15.05.2017 THIOVITHET (Sulfur), Polyram® WG (Metiram) 0.14 7 3
A 16.05.2017 THIOVIT JET (Sulfur), Polyram® WG (Metiram) 0.14 7 3
A 23.05.2017 Kumulus® WG (Sulfur), Polyram® WG (Metiram) 1.00 7 3
A 01.06.2017 Vivando® (Metrafenone), Folpan® 80 WDG (Folpet) 0.50 146 14
A 02.06.2017 Vivando® (Metrafenone), Folpan® 80 WDG (Folpet) 0.50 146 14
A 08.06.2017 Luna® Experience (Fluopyram, Tebuconazole), RIDOMIL GOLD® MZ (Nietdaxylozeb) 0.50 118.8 14
A 09.06.2017 Luna® Experience (Fluopyram, Tebuconazole), RIDOMIL G@L(DetMaxyM, Mancozeb) 0.50 118.8 14
A 17.06.2017 Talendo® (Proquinazid), Orvego® (Ametoctradin, Dimethomorph) 0.25 44 3
A 18.06.2017 Talendo® (Proquinazid), Orvego® (Ametoctradin, Dimethomorph) 0.25 44 3
A 19.06.2017 Talendo® (Proquinazid), Orvegé®netoctradin, Dimethomorph) 0.25 44

A 20.06.2017 Talendo® (Proquinazid), Orvego® (Ametoctradin, Dimethomorph) 0.25 44 3
A 26.06.2017 STEWARD (Indoxacarb), Collis® (Bosd@lesoximmethyl), Electis MZ (Zoxamide , Mancozeb) 0.10 118 14
A 26.06.2017 Collis® (Boscalidkresoximmethyl), Electis MZ (Zoxamide , Mancozeb) 0.40 118 14
A 27.06.2017 STEWARD (Indoxacarb), Collis® (Bosd@lesoximmethyl), Electis MZ (Zoxamide , Mancozeb) 0.10 118 14
A 27.06.2017 Collis® (Boscalidresoximmethyl), EleistMZ (Zoxamide , Mancozeb) 0.40 118 14
A 06.07.2017 Vegas (Cyflufenamid), Vinostar® (Folpet, Dimethomorph) 0.50 44 3
A 07.07.2017 Vegas (Cyflufenamid), Vinostar® (Folpet, Dimethomorph) 0.50 44 3
A 17.07.2017 Kusabi (Pyriofenone), Fantic® F (FolpetaBetytM) 1.00 44 3
A 28.07.2017 Talendo® (Proquinazid), Folpan® 80 WDG (Folpet) 0.25 30.5 3
A 29.07.2017 Talendo® (Proquinazid), Folpan® 80 WDG (Folpet) 0.25 30.5 3
A 30.07.2017 Talendo® (Proquinazid), Folpan® 80 WDG (Folpet) 0.25 30.5 3
A 31.07.2017 Talendo® (Proquinazid), Folpan® 80 WDG (Folpet) 0.25 30.5 3
A 09.08.2017 Systhane 20 EW (Myclobutanil), Folpan® 80 WDG (Folpet), Kumar (Potassium bicarbonate), Funguran pi 0.20 5 3

(Copper hydroxid)

A 28.08.2017 "Spintor" (Spinosad) 0.20 3.3 3
B 12.05.2017 Polyram® WG (Metiram), "Sulfur" (Sulfur) 0.50 7 3
B 13.05.2017 Polyram® WG (Metiram), “Sulfur" (Sulfur) 0.50 7 3
B 19.05.2017 "Roundup” (Glyphosate) 1.00 23.79 3
B 23.05.2017 Polyram® WG (Metiram), “Sulfur" (Sulfur) 1.00 7 3
B 06.06.2017 "Dithane" (Mancozeb), "Sulfur" (Sulfur) 1.00 3 3
B 19.06.2017 "Dithane" (Mancozeb), "Sulfur" (Sulfur) 1.00 3 3
B 03.07.2017 Fantic® F (Folpet, Benalak), Collis® (BoscaljKresoximmethyl) 0.50 118 14
B 04.07.2017 Fantic® F (Folpet, Benalakj), Colls® (BoscalidKresoximmethyl) 0.50 118 14
B 14.07.2017 Fantic® F (Folpet, Benalak), Luna® Experience (Fluopyram, Tebuconazole) 0.50 118.8 14
B 15.07.2017 Fantic® F (Folpet, Benalakj), Luna® Experience (Fluopyram, Tebuconazole) 0.50 118.8 14
B 27.07.2017 "Folpan" (Folpet), Collis® (Boscaliktesoximmethyl) 0.50 118 14
B 28.07.2017 “Folpan” (Folpet), Collis® (Boscalittesoximmethyl) 0.50 118 14
B 01.08.2017 "Roundup” (Glyphosate) 1.00 23.79 3
B 04.08.2017 "Folpan” (Folpet), Topas® (Pencariay 0.50 90 14
B 05.08.2017 "Folpan" (Folpet), Topas® (Penconazole) 0.50 90 14
C 11.05.2017 “"Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7

C 18.05.2017 “Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
C 29.05.2017 “"Netzschwefel" (Sulf, “Dithane” (Mancozeb), "Phosphorous acid" (Phosphorous acid) 1.00 3 3
C 08.06.2017 DYNALI® (Cyflufenamid, Difenoconazol), RIDOMIL GOLD® MZ (Métalsartozeb) 1.00 85 14
C 14.06.2017 Luna® Experience (Fluopyram, Tebuconazole), Mildicut® (Cyajofami 0.50 118.8 14
C 16.06.2017 Luna® Experience (Fluopyram, Tebuconazole), Mildicut® (Cyazofamid) 0.50 118.8 14
C 22.06.2017 Vivando® (Metrafenone), "Folpan” (Folpet) 0.50 146 14
C 23.06.2017 Vivando® (Metrafenone), "Folpan” (Folpet) 0.50 146 14
C 03.072017 Talendo® (Proquinazid), "Folpan” (Folpet) 1.00 30.5 3
C 13.07.2017 Kusabi (Pyriofenone), "Folpan” (Folpet) 1.00 19 3
C 27.07.2017 VENTO™ Power (Myclobutanil, Quinoxyfen), "Folpa 1.00 169.3 14
C 07.08.2017 "Folpan” (Folpet), Systhane EW (Myclobutanil) 1.00 35 3
D 17.05.2017 Polyram® WG (Metiram), "Netzschwefel" (Sulfur) 0.50 7 3
D 18.05.2017 Polyram® WG (Metiram), "Netzschwefel" (Sulfur) 0.50 7 3
D 29.05.2017 Polyram® WG (Metiram), "Netzschwefel" (Sulfur) 0.50 7 3
D 30.05.2017 Polyam® WG (Metiram), "Netzschwefel" (Sulfur) 0.50 7 3
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Wine . . Highest Assumed
Date Applied pesticides Part .
grower DTso persistence
D 08.06.2017 Enervin® (Ametoctradin, Metiram), Vivando® (Metrafenone) 0.50 146 14
D 09.06.2017 Enervin® (Ametoctradin, Metiramyivando® (Metrafenone) 0.50 146 14
D 19.06.2017 Mildicut® (Cyazofamid) , Collis® (Boscaicesoximmethyl) 0.50 118 14
D 20.06.2017 Mildicut® (Cyazofamid), Collis® (Boscaficesoximmethyl) 0.50 118 14
D 03.07.2017 FORUM®GOLD (Dithianon, Dimethgohg, Vivando® (Metrafenone) 0.50 146 14
D 04.07.2017 FORUM®GOLD (Dithianon, Dimethomorph), Vivando® (Metrafenone) 0.50 146 14
D 12.07.2017 "Folpan” (Folpet), DYNALI® (Cyflufenamid, Difenoconazol) 0.50 85 14
D 13.07.2017 "Folpan” (Folpet), DYNALI® (Gfgihamid, Difenoconazol) 0.50 85 14
D 26.07.2017 "Folpan" (Folpet), Systhane 20 EW (Myclobutanil) 0.33 35 3
D 27.07.2017 "Folpan” (Folpet), Systhane 20 EW (Myclobutanil) 0.33 35 3
D 28.07.2017 "Folpan" (Folpet), Systhane 20 EW (Myclobutanil) 0.33 35 3
D 07.08.2017 "Folpan” (Folpet), Systhane 20 EW (Myclobutanil) 1.00 35 3
E 13.04.2017 "Glyphosat" (Glyphosate) 0.80 23.79 3
E 03.05.2017 “Netzschwefel" (Sulfur), "Tridex" (Mancozeb) 0.95 3 3
E 15.05.2017 “"Netzschwefel” (Sulfur), Polyram® WG (Metiram) 1.00 7 3
E 24.05.2017 "Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
E 01.06.2017 DYNALI® (Cyflufenamid, Difenoconazol), Polyram® WG (Metiram) 1.00 85 14
E 07.06.2017 Vivando® (Metrafenone), Profiler® (Fluopicolifi@setylaluminium) 1.00 146 14
E 13.06.2017 Luna® Experience (Fluopyram, Tebuconazole), Orvego® (Ametoctradin, Dimethomorph) 1.00 118.8 14
E 26.06.2017 Talendo® (Proquinazid), "Folpan" (Folpet) 1.00 30.5 3
E 07.07.2017 Vivando® (Metrafenone), "Folpan” (Folpet) 1.00 146 14
E 17.07.D217 Collis® (Boscaliikresoximmethyl), “Folpan” (Folpet) 1.00 118 14
E 28.07.2017 Topas® (Penconazole), "Folpan" (Folpet) 0.95 90 14
E 07.08.2017 Topas® (Penconazole), "Folpan" (Folpet) 0.80 90 14
F 16.05.2017 “"Netzschwefel" (Sulfur), Polyram® WG (Ivieh) 1.00 7 3
F 24.05.2017 "Netzschwefel" (Sulfur), Polyram® WG (Metiram), Talendo® (Proquinazid) 1.00 30.5 3
F 03.06.2017 DYNALI® (Cyflufenamid, Difenoconazol), Polyram® WG (Metiram) 0.90 85 14
F 13.06.2017 Luna® Experience (Fluopyram, Tebuconazete)tic® F (Folpet, Benalakg) 1.00 118.8 14
F 23.06.2017 Kusabi (Pyriofenone), "Folpan” (Folpet) 0.90 19 3
F 03.07.2017 Collis® (Boscaliikresoximmethyl), “Folpan” (Folpet) 1.00 118 14
F 17.07.2017 Kusabi (Pyriofenone) 1.00 19 3
F 31.07.2017 Topas®&Penconazole) 1.00 90 14
F 01.08.2017 Topas® (Penconazole) 0.46 90 14
F 20.08.2017 TELDOR (Fenhexamid) 0.09 0.43 1
F 30.08.2017 TELDOR (Fenhexamid) 0.31 0.43 1
G 12.05.2017 “"Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
G 22.05.2017 "Netzschvefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
G 02.06.2017 “"Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
G 12.06.2017 “Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
G 22.06.2017 Fol pan® 80 WDG ( Fol pet ) , uiNoEfem)ONEtzRetwefel (Sulfully c| obut 1.00 169.3 14
G 04.07.2017 Folpan® 80 WDG (Folpet), Talendo® (Proquinazid), "Netzschwefel" (Sulfur) 1.00 30.5 3
G 29.07.2017 Folpan® 80 WDG (Folpet), Talendo® (Proquinazid) 0.50 30.5 3
G 31.07.2017 Folpan® 80 WDG (pet), Talendo® (Proquinazid) 0.50 30.5 3
G 05.08.2017 Durano TF (Glyphosate) 1.00 23.79 3
G 14.08.2017 Folpan® 80 WDG (Folpet), Talendo® (Proquinazid) 1.00 30.5 3
H 15.05.2017 “Netzschwefel" (Sulfur), Polyram® WG (Metiram) 0.95 7 3
H 26.05.2017 "Netzshwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
H 08.06.2017 Vivando® (Metrafenone), Fantic® F (Folpet, Benalldxy! 1.00 146 14
H 17.06.2017 Luna® Experience (Fluopyram, Tebuconazole), RIDOMIL GOLD® MZ (Niktdaxyiozeb) 1.00 118.8 14
H 27.06.207 Talendo® (Proquinazid), "Folpan” (Folpet) 1.00 30.5 3
H 06.07.2017 DYNALI® (Cyflufenamid, Difenoconazol), “Folpan" (Folpet) 1.00 85 14
H 17.07.2017 Collis® (Boscalidkresoximmethyl), VitiSan® (Potassium bicarbonate), "Folpan” (Folpet) 1.00 118 14
H 28.07.2017 Vivando® (Metrafenone), "Folpan” (Folpet) 0.50 146 14
H 29.07.2017 Vivando® (Metrafenone), "Folpan” (Folpet) 0.50 146 14
H 10.08.2017 Collis® (Boscalidkresoximmethyl), Mildicut® (Cyazofamid) 0.45 118 14
H 11.08.2017 Collis® (Boscaliikresoximmethyl), Mildicut® (Cyazofamid) 0.45 118 14
| 03.05.2017 "Netzschwefel" (Sulfur), STEWARD (Indoxacarb), Dithane NeoTec (Mancozeb) 1.00 5.97 3
| 23.05.2017 “"Netzschwefel" (Sulfur), Polyram® WG (Metiram) 1.00 7 3
| 03.06.2017 DYNALI® (CyflufenamidfePMoconazol), Polyram® WG (Metiram) 1.00 85 14
| 14.06.2017 Vivando® (Metrafenone), Mildicut® (Cyazofamid) 0.95 146 14
| 25.06.2017 Talendo® (Proquinazid), "Folpan" (Folpet) 0.95 30.5 3
| 06.07.2017 VENTO™ Power (Myclobutarpetf, Quinoxyfen), 1.00 169.3 14
| 18.07.2017 Vegas (Cyflufenamid), "Folpan” (Folpet) 1.00 25.3 3
| 29.07.2017 Collis® (Boscalidkresoximmethyl), “Folpan” (Folpet) 0.80 118 14
| 11.08.2017 Vivando® (Metrafenone), Mildicut® (Cyazofamid) 0.80 146 14
| 25.08.2017 "Spintor" (Spinosad) 0.20 3.3 3
J 27.04.2017 "Sulfur" (Sulfur), Delan® WG (Dithianon) 1.00 35 3
J 09.05.2017 “Sulfur" (Sulfur), Dithane NeoTec (Mancozeb) 1.00 3 3
J 23.05.2017 "Netzschwefel" (Sulfur), "Folpan” (Folpet), Topas® (Penconazole) 1.00 90 14
J 01.06.2017 "Folpan" (Folpet), DYNALI® (Cyflufenamid, Difenoconazol) 1.00 85 14
J 13.06.2017 "Folpan” (Folpet), Vivando® (Metrafenone) 1.00 146 14
J 22.06.2017 "Folpan" (Folpet), Luna® Experience (Fluopyram, Tebuconazole) 1.00 118.8 14
J 03.07.2017 "Folpan" (Folpet), Talendo® (Proquinazid) 1.00 30.5 3
J 13.07.2017 "Folpan" (Folpet), DYNALI® (Cyflufenamid, Difenoconazol) 1.00 85 14
J 27.07.2017 "Folpan” (Folpet), Collis® (Boscalittesoximmethyl) 1.00 118 14
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Table D:List of active substances thatrcée found in formulations applied by local wine growers in 2017 (see Table E). Information of each substance was
obtained from the Pesticide Properties DataBase (PPDB; https://sitem.herts.ac.uk/aeru/ppdlaeréssed on 24of February 2019). If avaiie, the half life
in soil (DY, soil) from field studies (DT50(field)) was used. If not, the DT50(typical) was used (marked with *). For substances tloerehics no entry in

the database, a 3Jof 3 days was assumed (marked with **).

. Substance Molecular mass DT aquegus DT soll o
Active substace CASnr. Type 1 log kyw Koc Ksoc hydrolysis Skin irritant
group [g mol] [days]
[days]
Ametoctradin 86531897-4 Fungicide  Triazolopyrimidine 275.39 4.4 7713 3779 Stable 19.7 No
BenalaxyM 98243835 Fungeide  Phenylamide 325.40 3.68 7175 6063 Stable 44 no
Boscalid 18842585-6 Fungicide Carboxamide 343.21 2.96 - 772 Stable 118 no
Copper hydroxid ** 20427592 Fungicide - - - - - - 3 -
Cyazofamid 12011688-3 Fungicide Cyanoimidazole 324.78 3.2 - 1338 0.1 4.5 no
Cyflufenamid 18040960-3 Fungicide Amidoxine 412.36 4.7 - 1592 Stable 25.3 yes
Difenoconazol 11944668-3 Fungicide Triazole 406.26 4.36 - 3760 Stable 85 yes
Dimethomorph 110488705 Fungicide  Morpholine 387.86 2.68 - 419.4 70 44  yes
Dithianon 3347-22-6 Fungicide  Quinone 296.32 3.2 3627 - 0.6 35 no
Fenhexamid * 12683317-8 Fungicide Hydroxyanilide 302.20 3.51 475 733.5 Stable 0.43 no
Fluopicolide 239110157 Fungicide Benzamide 383.58 2.9 - 321.1 Stable 138.8 no
Fluopyram 65806635-4 Fungicide Benzamide, pyramide 396.76 3.3 - 278.9 Stable 118.8 no
Folpet 13307-3 Fungicide  Phthalimide 296.56 3.02 304 - 0.05 3 yes
Fosetylaluminium * 39148248 Fungicide Organophosphate 354.10 2.1 - - Stable 0.1 no
Glyphosate 1071-83-6 Herbicide  Phosphonoglyioe 169.1 -3.2 1424 16331 Stable 23.79 yes
Indoxacarb 17358444-6 Insecticide Oxadiazine 527.83 4.65 4483 - 17.6 5.97 no
Kresoximmethyl * 14339089-0 Fungicide  Strobilurin 313.35 3.4 - 308 35 16 yes
Mancozeb * 801801-7 Fungicide Carbamate 271.3 2.3 998 771 13 0.05 unknown
MetalaxytM 7063017-0 Fungicide Phenylamide 279.33 171 - 789 Stable 14.1 yes
Metiram 900642-2 Fungicide Carbamate 1088.6 0.33 903012 - 0.1 7 no
Metrafenone 22089903-6 Fungicide Benzophenone 409.27 4.3 7061 3105 Stable 146 yes
Myclobutanil 8867189-0 Fungicide Triazole 288.78 2.89 - 517 Stable 35 no
Penconazole 66246886 Fungicide Triazole 284.18 3.72 - 2205 Stable 90 no
Phosphorous acid ** 1359836-2 Fungicide - - - - - - 3 -
Potassium bicarbonate **  298-14-6 Fungicide - - - - - - 3 -
Proquinazid 18927812-4 Fungicide Quinazolinone 372.2 55 - 12870 Stable 30.5 no
Pyriofenone 68804661-9 Fungicide  Benzoylpyridine 365.81 3.2 - 1485 Stable 19 no
Quinoxyfen 124495187 Fungicide  Quinoline 308.13 51 - 22929 Stable 169.3 unknown
Spinosad 168316958 Insecticide Micro-organism derived 731.98+745.98 4.1 34600 - Stable 3.3 no
Sulfur ** 7704349 Fungicide - - - - - - 3 -
Tebuconazole 10753496-3 Fungicide Triazole 307.82 37 - 769 Stable 47.1 no
Zoxamide 15605268-5 Fungicide Benzamide 336.64 3.76 1224 1224.2 15.7 6 unknown
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Table EList of formulations that were used by losgihe growers (see Table C). Information for each
formulation were taken from the user manuals. Recommended field rates are depending on the

intended use and the stage of development of the vine. Therefore ranges are given. For formulations

in quotation maks the exact name of the formulation was not clear.

Max. applications per

Formulation Type Active substances Field rate year
Collis® Fungicide Boscalid , Kresoximmethyl 0.16-0.64 I/ha 3
Delan® WG Fungicide Dithianon 0.2-0.8 kg/ha 8
Dithane NeoTec Fungicide  Mancozeb 0.8-3.2 kg/ha 6
Durano TF Herbicide Glyphosate 5 I/ha 2
DYNALI® Fungicide Cyflufenamid, Difenoconazol 0.15-0.65 I’ha 2
Electis MZ Fungicide Mancozeb, Zoxamide 0.72-2.88 kg/ha 4
Enervin® Fungicide Ametoctradin, Metiram 0.75-4 kg/ha 3
Fantic® F Fungicide Folpet, Benalaxyi 0.45- 2.4 kg/ha 3
Folpan® 80 WDG Fungicide Folpet 0.4- 1.6 kg/ha 8
FORUM®GOLD Fungicide Dithianon, Dimethomorph 0.48- 1.56 kg/ha 3
Funguran progress Fungicide Copper hydroxid 2 kg/ha 4
Kumar Fungicide Potassium bicarbonate 1.25-5 kg/ha 6
Kumulus® WG Fungicide  Sulfur 2.4-4.8 kg/ha 8
Kusabi Fungicide Pyriofenone 0.075-0.3 I’/ha 3
Luna® Experience Fungicide Fluopyram, Tebuconazole 0.09-0.4 I/ha 2
Mildicut® Fungicide Cyazofamid 0.75-4 I/ha 3
Orvego® Fungicide Ametoctradin, Dimethomorph 0.4-1.6l/ha 3
Polyram® WG Fungicide Metiram 0.8- 3.2 kg/ha 6
Profiler® Fungicide Fluopicolide, Fosetyaluminium 1.5-3 kg/ha 2
RIDOMIL GOLD® MZ Fungicide MetalaxytM, Mancozeb 0.54- 1.44 kg/ha 2
STEWRD Insecticide Indoxacarb 0.125- kg/ha 3
Systhane 20 EW Fungicide Myclobutanil 0.12-0.24 I/ha 4
Talendo® Fungicide Proquinazid 0.1-0.375 I/ha 4
TELDOR Fungicide Fenhexamid 0.5- 1.6 kg/ha 2
THIOVIT JET Fungicide Sulfur 2-8 kg/ha 10
Topas® Fungcide Penconazole 0.32-I/ha 4
Vegas Fungicide Cyflufenamid 0.09-0.5I/ha 2
VENTO™ P o w Fungicide Myclobutanil, Quinoxyfen 0.4-1.6 I/ha 4
Vinostar® Fungicide Folpet, Dimethomorph 0.5-2 kg/ha 3
VitiSan® Fungicide Potassium bicarbonate 3-12 kg/ha 6
Vivando® Fungicide Metrafenone 0.08-0.32 I/ha 3
"Dithane" Fungicide Mancozeb
"Folpan" Fungicide Folpet
"Glyphosat" Herbicide Glyphosate
"Netzschwefel" Fungicide Sulfur
"Phosphorous acid"  Fungicide Phosphorous acid Exact formulation not known
"Roundup" Herbicide Glyphosate
"Spintor" Insecticide Spinosad
"Sulfur" Fungicide Sulfur
"Tridex" Fungicide Mancozeb
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Appendix B. Detailed information about each individual.

Details about the tracked toads and their pdsteding migration betivior. Reasons for ending the tracking: A = Death caused by agricultural practice; E = End
of study period or > 1 month in forest; | = skin injury caused by the transmitter; L = Signal lost; O = Other injurgaBon;ffe= the transmitter was shedsT

Death caused by road traffic; U = unknown cause of death.

expp epr exp
S e o Mmooy posons Ao e b S D e aomaton "y 9picaion sppicaton sppaion MU PO St Commen
drift +spray drift  + Do + Do +DL +DL
1w 98 71.1 1803.2017 - - - - - - - - - - - - - - - - - - - S
2 W 90 58 18.03.2017 07.09.2017 173 60 035 15 137 26 7,594 301 205 27 0.90 2.05 0.91 2.15 1.00 15.69 1.00 15.99 E
3w 87 58 18.03.2017 - - - - - - - - - - - - - - - - - - - S
4 W 88 61.6 18.03.207 20.07.2017 124 29 023 18 480 62 71,66 1,235 710 20 0.87 1.85 0.87 1.85 1.00 12.40 1.00 1240 E Forest on02.06.2017
5 W 101 95.4 18.03.2017 - - - - - - - - - - - - - - - - - - - L
6 W 80 50.9 19.03.2017 27.03.2017 8 6 0.75 401 248 67 4,079 432 359 0 0 0 0 0 0 0 0 0 S
7 W 79 42.6 19.03.2017 30.05.2017 72 19 0.26 371 112 20 4,48 230 184 0 0 0 0 0 0 0 0 0 |
8 M 71 40 19.03.2017 11.06.2017 84 13 0.15 1,2 459 92 86,22 1,159 531 2 0 0 0.10 0.10 0 0 0.10 0.10 S Forest on 12.05.201
9 M 70 39.5 19.032017 20.07.2017 123 19 0.15 443 166 23 1,736 442 368 63 0.88 1.94 0.93 2.44 1.00 7.10 1.00 9.90 |
10 M 70 33 19.03.2017 05.04.2017 17 7 0.41 236 92 34 1,219 218 150 0 0 0 0 0 0 0 0.05 0.05 S
11 M 68 30,5 19.03.2017 08.04.2017 20 7 0.35 320 95 46 7,111 282 213 0 0 0 0.05 0.05 0 0 0.10 010 U
12 M 70 39.1 19.03.2017 16.06.2017 89 15 0.17 532 166 35 18,44 466 174 1 0 0 0 0 0.59 0.59 0.59 0.59 S
13 W 74 57 19.03.2017 27.05.2017 69 20 0.29 312 119 16 2095 241 219 1 0.06 0.06 0.06 0.06 0.34 0.34 0.41 0.44 S
14 M 69 319 19.03.2017 26.05.2017 68 15 0.22 696 241 46 12,03 627 395 0 0 0 0.01 0.01 0 0 0.24 0.24 S
15 W 80 50.5 19.03.2017 29.05.2017 71 10 0.14 109 38 11 722 122 91 0 0 0 0 0 0 0 0 0 S
16 W 83 55.4 19.03.2017 31.05.2017 73 15 0.21 261 108 17 2 294 176 0 0 0 0 0 0 0 0 0 |
17 M 70 32 19.03.2017 24.05.2017 66 12 0.18 261 67 22 6,639 94 42 13 0.12 0.12 0.12 0.12 0.19 0.20 0.19 020 P
18 W 89 66.3 19.03.2017 06.06.2017 79 16 0.20 672 281 42 402 291 244 5 0.21 0.21 0.55 0.73 0.87 1.52 0.98 2.95 |
19 W 86 64.4 19.03.2017 25.05.2017 67 17 0.25 907 439 53 11,88 77 691 16 0.12 0.12 0.12 0.12 0.31 0.35 0.31 035 P
20 W 90 59.5 19.03.2017 20.03.2017 1 1 1.00 15 15 15 - 26 26 0 0 0 0 0 0 0 0 0 T
21 M 72 38.7 20.03.2017 28.06.2017 100 12 0.12 367 135 31 3,686 170 84 1 0 0 0 0 0 0 0.08 0.08 |
22 W 78 47.4 29.03.2017 18.05.2017 50 5 0.10 235 90 47 2,158 79 39 11 0 0 0 0 0.15 0.15 0.15 015 P
23 M 76 38.9 02.05.2017 07.09.2017 128 28 0.22 448 95 17 4,228 191 128 36 0.66 0.99 0.75 1.24 1.00 7.75 1.00 8.88 E
24 W 78 49.9 14.05.2017 20.06.2017 37 12 0.32 163 43 14 253 82 55 0 0 0 0 0 0 0 0 0 P
25 W 80 55.6 19.05.2017 11.06.2017 23 11 048 213 128 19 1,977 164 134 1 0 0 0 0 0.79 0.79 0.79 079 A
26 W 81 58.0 31.05.2017 - - - - - - - - - - - - - - - - - - - S
27 W 78 45.0 04.06.2017 09.06.2017 5 4 080 35 20 9 10 24 21 0 0 0 0 0 0 0 0 0 S
28 W 94 85.4 06.06.2017 18.06.2017 12 10 0.83 184 50 18 130 480 466 1 0.03 0.03 0.59 0.80 0.80 0.80 1.00 7.14 S
29 W 80 55.0 12.06.2017 07.08.2017 56 16 0.29 529 68 33 2,194 367 317 10 0.66 0.95 0.66 0.95 1.00 6.06 1.00 6.06 P
30 M 72 41.2 12.06.2017 27.06.2017 15 3 020 27 14 9 15 219 218 12 0.74 1.24 0.74 1.24 1.00 9.99 1.00 9.99 S
31 M 76 40.6 13.06.2017 10.07.2017 27 5 0.19 445 243 89 3,673 350 207 18 0.91 2.09 0.91 2.09 1.00 13.79 1.00 13.79 P
32 M 71 35.6 13.06.2017 05.07.2017 22 5 023 209 132 42 340 132 95 0 0 0 0 0 0 0 0 0 [¢]
33 W 82 56.8 15.06.2017 27.08.2017 73 32 044 13 336 39 85,46 1,018 399 28 0.87 1.79 0.92 2.23 1.00 15.69 1.00 1845 P Forest on 24.08.201°
34 M 7 38.8 15.06.2017 20.06.2017 5 2 040 59 38 29 - 416 406 0 0 0 0.05 0.05 0 0 0.80 0.80 S
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expp exp, exp,
. . ) e exp, exp, exp, P L
Indi Sex SVL Weight Release Last_ Numbgr of D|ﬁ«_a_rent Al ot Omax  Odmean  MCPos  Opond_max  Dpond_mean Days in exp, expy application application application application appllcauon appllcauon Rea_son Comment
[mm]  [g] date relocation relocations positions [m] [m] [m] [m?] [m] [m] vineyard application application + spray . + spray drift + spray drift ending
’ +spray drift  + Do + Do
drift + DEp + Do

35 M 80 52.3 15.06.2017 28.06.2017 13 2 0.15 186 146 93 - 232 222 0 0 0 0 0 0 0 0 o P

36 M 71  40.2 22.06.2017 13.07.2017 21 5 0.24 302 238 60 137 554 536 0 0 0 0 0 0 0 0 0 s

37 W 93 58.9 22.06.2017 26.08.2017 65 12 0.18 11 185 96 7,348 183 147 3 0.02 0.02 0.02 0.02 0.76 1.02 0.93 1.72 |

38 M 71  36.2 22.06.2017 25.06.2017 3 2 0.67 237 192 119 - 60 45 0 0 0 0 0 0 0 0 o P

39 W 84 51.3 27.06.2017 04.09.2017 69 20 0.29 660 115 33 3,566 373 323 24 0.89 1.89 0.90 1.99 1.00 14.34 1.00 1586 A

40 W 80 60.3 27.06.2017 11.07.2017 14 4 029 34 13 8 28 161 155 0 0 0 0 0 0 0 0 0 S

41 M 70 321 07.07.2017 13.07.2017 6 1 017 18 18 18 - 4 4 0 0 0 0 0 0 0 0 o P

42 M 76 51.8 10.07.2017 - - - - - - - - - - - - - - - - - - - S

43 M 72 451 10.07.2017 10.08.2017 31 4 0.13 160 48 40 374 255 240 30 0.94 2.52 0.94 2.52 1.00 20.70 1.00 2070 |

4 M 71 334 10.07.2017 - - - - - - - - - - - - - - - - - - - P

45 M 72 32.8 10.07.2017 19.07.2017 9 3 0.33 614 362 205 2,593 972 944 1 0 0 0 0 0.60 0.60 0.60 0.60 S Forest on 12.07.201
46 M 76  49.9 21.07.2017 22.07.2017 1 1 100 7 7 7 - 153 153 0 0 0 0 0 0 0 0 0 s

47 W 95 90.0 21.07.2017 26.07.2017 5 1 020 25 25 25 - 634 634 0 0 0 0 0 0 0 0 0 T

48 W 98 99.1 21.07.2017 29.08.2017 39 8 0.21 304 74 38 1,72 287 255 0 0 0 0 0 0 0 0 0 |

49 M 74  49.9 21.07.2017 05.09.2017 46 9 0.20 417 142 46 115 152 107 0 0 0 0 0 0 0 0 0 L

50 M 79 46.9 27.07.2017 18.08.2017 22 10 045 772 250 77 11,17 275 195 0 0 0 0 0 0 0 0 0 L

51 M 67 30.1 06.04.2017 11.05.2017 35 9 0.26 56 9 6 76 66 62 0 0 0 0 0 0 0 0 0o A

52 M 83 69.1 16.10.2017 24.10.2017 2 - - - - - - - - - - - - - - - - - S Foreston 24.10.201°
53 W 69 35.0 16.10.2017 08.11.2017 5 - - - - - - - - - - - - - - - - - L

54 M 70  33.7 16.10.2017 24.10.2017 2 - - - - - - - - - - - - - - - - - L

55 M 94 81.3 07.11.2017 22.11.2017 3 - - - - - - - - - - - - - - - - - L Forest on 16.11.201°
56 W 96 72.9 07.11.2017 22.11.2017 3 - - - - - - - - - - - - - - - - - L

57 W 72 447 07.11.2017 08.11.2017 1 - - - - - - - - - - - - - - - - - S
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Appendix C. Detailed information about individuals and pesticide applications per day.

Details about the part of the population that is expected within tlggieultural area (Pleftd), the
number of tracked toads ntd, the number toads located in vineyards (nvd; with and without
considering spray drift), the probability that a vineyard was treated with a pesticide (pd; with and
without considering the DT50) anthe expected part of the population that was exposed to
pesticides (popd; for all four scenarios) for each day.

nvgy Pd POpPq pops Pops
Date Plefty nty nvy +spray Pq +  popy +spray + DT + spray drift
drift DTy drift 0 + DTy

19.03.2017 0996 2 O 0 0 0 0 0 0 0
20.03.2017 0.992 17 2 3 0 0 0 0 0 0
21.03.2017 0988 17 3 6 0 0 0 0 0 0
22.03.2017 0984 17 4 5 0 0 0 0 0 0
23.03.2017 0.980 17 3 5 0 0 0 0 0 0
24.03.2017 0976 17 3 6 0 0 0 0 0 0
25.03.2017 0972 17 3 5 0 0 0 0 0 0
26.03.2017 0.968 17 3 5 0 0 0 0 0 0
27.03.2017 0964 17 3 5 0 0 0 0 0 0
28.03.2017 0.960 16 3 5 0 0 0 0 0 0
29.03.2017 0.956 16 3 5 0.01 0.01 0.18 0.30 0.18 0.30
30.03.2017 0.952 17 3 5 0.01 0.02 0.17 0.28 0.34 0.56
31.03.2017 0.948 17 3 5 0.05 0.07 0.84 139 1.17 1.95
01.04.D17 0944 17 3 6 0.05 0.10 0.83 167 1.67 3.33
02.04.2017 0.940 17 4 7 0 0.10 0 0 221 3.87
03.04.2017 0.936 17 4 7 0 0.05 0 0 110 1.93
04.04.2017 0932 17 3 6 0 0 0 0 0 0
05.04.2017 0.928 17 2 3 0 0 0 0 0 0
06.04.2017 0924 16 3 4 0 0 0 0 0 0
07.042017 0.920 17 2 3 0 0 0 0 0 0
08.04.2017 0916 17 2 3 0 0 0 0 0 0
09.04.2017 0912 16 2 3 0 0 0 0 0 0
10.04.2017 0.908 16 2 3 0 0 0 0 0 0
11.04.2017 0904 16 2 3 0 0 0 0 0 0
12.04.2017 0.900 16 2 3 0 0 0 0 0 0
13.04.2017 0.896 16 1 2 0.08 0.08 0.45 0.90 0.45 0.90
14.04.2017 0892 16 1 2 0 0.08 0 0 045 0.89
15.04.2017 0.888 16 1 2 0 0.08 0 0 044 0.89
16.04.2017 0884 16 1 1 0 0 0 0 0 0
17.04.2017 0.880 16 1 1 0 0 0 0 0 0
18.04.2017 0.876 16 1 1 0 0 0 0 0 0
19.04.2017 0871 16 1 1 0 0 0 0 0 0
20.04.2017 0.867 16 1 1 0 0 0 0 0 0
21.04.2017 0.863 16 1 1 0 0 0 0 0 0
22.04.2017 0.859 16 1 1 0 0 0 0 0 0
23.04.2017 0.855 16 1 1 0 0 0 0 0 0
24.04.2017 0.851 16 1 1 0 0 0 0 0 0
25.04.2017 0.847 16 1 1 0 0 0 0 0 0
26.04.2017 0.843 16 1 1 0 0 0 0 0 0
27.04.2017 0.839 16 1 1 0.10 0.10 0.52 0.52 0.52 0.52
28.04.2017 0.835 16 1 1 0 0.10 0 0 052 0.52
29.04.2017 0.831 16 1 1 0 0.10 0 0 052 0.52
30.04.2017 0.827 16 1 1 0 0 0 0 0 0
01.05.2017 0.823 16 1 1 0 0 0 0 0 0
02.05.2017 0.819 16 1 1 0 0 0 0 0 0
03.05.2017 0.815 17 1 2 0.20 0.20 0.94 187 0.94 1.87
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Ny Pd Popq pOP Pops
Date Plefty nty nvy  + spray Pd + popy +spray + DT + spray drift
drift DTy drift 0 + DTy

04.05.2017 0.811 17 1 2 0 0.20 0 0 0.93 1.86
05.05.2017 0.807 17 1 2 0 0.20 0 0 0.93 1.85
06.05.2017 0.803 17 1 2 0 0 0 0 0 0
07.05.2017 0.799 17 2 3 0 0 0 0 0 0
08.05.2017 0.795 17 4 5 0 0 0 0 0 0
09.05.2017 0.791 17 3 5 0.10 0.10 1.40 233 140 2.33
10.05.2017 0.787 17 3 5 0.01 0.11 0.20 0.33 1.59 2.65
11.05.2017 0.783 17 2 4 0.11 0.23 1.05 211 211 4.21
12.05.2017 0.779 16 1 2 0.16 0.29 0.80 160 1.43 2.85
13.05.2017 0.775 16 2 3 0.06 0.34 0.62 0.93 3.32 4.98
14.05.2017 0.771 16 1 3 0.01 0.24 0.07 0.21 1.17 3.51
15.05.2017 0.767 17 2 3 0.21 0.29 1.89 2.83 2.60 3.90
16.052017 0.763 17 1 3 0.11 0.34 0.51 154 152 4.55
17.05.2017 0.759 17 1 2 0.05 0.37 0.22 0.45 1.67 3.34
18.05.2017 0.755 17 O 1 0.15 0.31 0 0.67 0 1.40
19.05.2017 0.751 16 1 4 0.10 0.30 0.47 1.88 141 5.63
20.05.2017 0.747 17 O 2 0 0.25 0 0 0 2.20
21.06.2017 0.743 17 O 2 0 0.10 0 0 0 0.87
22.05.2017 0.739 17 O 2 0.10 0.10 0 0.87 0 0.87
23.05.2017 0.735 17 O 2 0.40 0.50 0 3.46 0 4.32
24.05.2017 0.731 17 O 1 0.20 0.70 0 0.86 0 3.01
25.05.2017 0.727 16 O 1 0 0.60 0 0 0 2.73
26.05.2017 0.723 15 O 1 0.10 0.40 0 0.48 0 1.93
27.05.2017 0.719 14 O 1 0 0.20 0 0 0 1.03
28.05.2017 0.715 13 O 1 0 0.20 0 0 0 1.10
29.05.2017 0.711 13 O 1 0.15 0.25 0 0.82 0 1.37
30.05.2017 0.707 12 O 1 0.05 0.30 0 0.29 0 1.77
31.05.2017 0.703 11 O 1 0 0.30 0 0 0 1.92
01.06.D17 0.699 10 O 1 0.25 0.30 0 1.75 0 2.10
02.06.2017 0.695 10 O 1 0.15 0.40 0 1.04 0 2.78
03.06.2017 0.691 10 O 1 0.19 0.59 0 1.31 0 4.08
04.06.2017 0.687 10 2 3 0 0.59 0 0 8.10 12.16
05.06.2017 0.683 11 3 3 0 049 0 0 912 9.12
06.06.2017 0.679 11 2 3 0.10 0.59 1.23 1.85 7.28 10.92
07.06.2017 0.675 11 2 3 0.10 0.59 1.23 1.84 7.24 10.86
08.06.2017 0.671 11 2 3 0.30 0.84 3.66 549 10.24 15.36
09.06.2017 0.667 11 2 3 010 0.79 1.21 1.82 9.58 14.36
10.06.2017 0.663 10 1 3 0 0.79 0 0 5.23 15.70
11.06.D17 0.659 10 2 4 0 0.79 0 0 1041 20.81
12.06.2017 0655 8 1 3 0.10 0.89 0.82 245 7.28 21.85
13.06.2017 0.651 10 1 3 0.30 0.90 1.95 586 5.86 17.57
14.06.2017 0.647 12 2 4 0.15 0.90 1.56 3.13 9.70 19.40
15.06.2017 0.643 12 1 2 0 0.80 0 0 4.28 8.57
16.06.2017 0.639 15 3 7 0.05 0.80 0.64 1.49 10.22 23.84
17.06.2017 0.635 14 3 5 0.13 0.80 1.70 2.83 10.81 18.02
18.06.2017 0.631 14 4 4 0.03 0.80 0.45 0.45 14.32 14.32
19.06.2017 0.627 13 3 3 0.18 0.90 2.53 253 1294 12.94
20.06.2017 0.622 13 2 2 0.08 0.90 0.72 0.72 857 8.57
21.06.2017 0.618 11 2 2 0 0.90 0 0 10.06 10.06
22.06.2017 0.614 11 2 2 025 0.87 2.79 279 9.72 9.72
23.06.2017 0.610 14 2 2 0.14 0.80 1.22 1.22 6.93 6.93
24.06.2017 0.606 14 2 2 0 0.80 0 0 6.89 6.89
25.06.2017 0.602 14 2 2 0.10 0.80 0.82 0.82 6.88 6.88
26.06.2017 0.598 13 3 3 0.15 0.85 2.07 2.07 11.74 11.74
27.06.2017 0594 13 2 2 0.15 0.80 1.37 1.37 7.32 7.32
28.06.2017 0590 14 1 2 0 0.70 0 0 295 5.90
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Ny Pd Popq pOP Pops
Date Plefty nty nvy  + spray Pd + popy +spray + DT + spray drift
drift DTy drift 0 + DTy

29.06.2017 0.586 12 1 1 0 0.60 0 0 293 2.93
30.06.2017 0582 12 1 1 0 0.60 0 0 291 2.91
01.07.2017 0.578 12 3 3 0 0.50 0 0 7.23 7.23
02.07.2017 0574 12 3 3 0 0.50 0 0 7.18 7.18
03.07.2017 0.570 12 2 2 0.40 0.65 3.80 3.80 6.18 6.18
04.07.2017 0.566 12 2 2 0.20 0.70 1.89 189 6.61 6.61
05.07.2017 0.562 12 2 2 0 0.70 0 0 6.56 6.56
06.07.2017 0558 11 1 1 025 0.75 1.27 1.27 381 3.81
07.07.2017 0554 11 O 0 0.15 0.70 0 0 0 0
08.07.2017 0550 12 O 0 0 0.70 0 0 0 0
09.07.2017 0546 12 O 0 0 0.70 0 0 0 0
10.07.2017 0542 12 O 0 0 0.65 0 0 0 0
11.07.2017 0538 13 4 4 0 0.60 0 0 994 9.94
12.07.2017 0534 12 3 3 0.05 0.60 0.67 0.67 8.01 8.01
13.07.2017 0530 12 3 3 0.25 0.80 331 3.31 10.60 10.60
14.07.D17 0526 10 3 3 0.05 0.80 0.79 0.79 12.63 12.63
15.07.2017 0522 10 2 2 0.05 0.80 0.52 0.52 8.35 8.35
16.07.2017 0518 10 2 2 0 0.70 0 0 7.25 7.25
17.07.2017 0514 10 2 2 0.40 0.80 4.11 411 8.22 8.22
18.07.2017 0510 10 1 1 0.10 0.80 0.51 0.51 4.08 4.08
19.07.2017 0506 10 1 1 0 0.80 0 0 4.05 4.05
20.07.2017 0502 9 1 1 0 0.60 0 0 3.35 3.35
21.07.2017 0498 7 2 2 0 0.50 0 0o 711 7.11
22.07.2017 0.494 11 5 5 0 0.50 0 0 11.23 11.23
23.07.2017 0.490 10 5 6 0 0.50 0 0 1225 14.70
24.07.2017 0.486 10 5 6 0 0.50 0 0 12.15 14.58
25.07.2017 0.482 10 5 6 0 0.50 0 0 12.05 14.46
26.07.2017 0.478 10 6 6 0.03 0.48 0.96 0.96 13.86 13.86
27.07.2017 0474 9 6 6 0.28 0.57 8.95 8.95 17.90 17.90
28.07.2017 0.470 10 5 6 0.25 0.63 5.95 7.14 14.68 17.62
29.07.207 0.466 10 5 5 0.21 0.75 4.78 478 17.39 17.39
30.07.2017 0.462 10 4 4 0.03 0.74 0.46 0.46 13.64 13.64
31.07.2017 0.458 10 2 2 0.18 0.85 1.60 1.60 7.78 7.78
01.08.2017 0.454 10 2 3 0.15 0.78 1.33 199 7.03 10.55
02.08.2017 0.450 10 3 3 0 0.75 0 0 10.12 10.12
03.08.2017 0.446 10 2 4 0 0.68 0 0 6.02 12.04
04.08.2017 0.442 10 2 4 0.05 0.68 0.44 0.88 5.96 11.93
05.08.2017 0.438 10 3 4 0.15 0.78 1.97 2.63 10.18 13.57
06.08.2017 0.434 10 3 4 0 0.78 0 0 10.08 13.45
07.08.2017 0.430 10 2 4 0.28 0.88 241 481 7.56 15.13
08.08.2017 0426 9 1 3 0 0.78 0 0 3.69 11.07
09.08.2017 0422 9 1 3 0.02 0.80 0.09 0.28 3.75 11.24
10.08.2017 0418 9 4 4 0.05 0.50 0.84 0.84 9.28 9.28
11.08.2017 0414 8 4 4 0.13 0.50 2.59 259 10.34 10.34
12.08.2017 0410 8 4 4 0 045 0 0 922 9.22
13.08.2017 0406 8 4 4 0 045 0 0 913 9.13
14.08.2017 0402 8 3 4 0.10 050 1.51 201 7.47 9.96
15.08.2017 0.398 8 3 4 0 045 0 0 6.71 8.95
16.08.2017 0394 8 3 3 0 045 0 0 6.64 6.64
17.08.2017 0390 8 2 3 0 0.35 0 0 341 511
18.082017 0386 8 2 3 0 0.30 0 0 2.89 4.34
19.08.2017 0382 7 2 3 0 0.25 0 0 273 4.09
20.08.2017 0378 7 1 3 0.01 0.26 0.05 0.15 1.40 4.19
21.08.2017 0373 7 1 3 0 0.17 0 0 0.91 2.72
22.08.2017 0369 7 1 3 0 0.17 0 0 0.90 2.69
23.08.2017 0365 7 2 3 0 017 0 0 1.78 2.66
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Ny Pd Popq pOP Pops
Date Plefty nty nvy  + spray Pd + popy +spray + DT + spray drift
drift DTy drift 0 + DTy
24.08.2017 0361 7 1 2 0 0.13 0 0 0.65 1.29
25.08.2017 0357 7 2 3 0.02 0.02 0.20 0.31 0.20 0.31
26.08.2017 0353 7 1 2 0 0.02 0 0 0.0 0.20
27.08.2017 0349 6 1 2 0 0.02 0 0 0.12 0.23
28.08.2017 0345 5 1 2 0.02 0.02 0.14 0.28 0.14 0.28
29.08.2017 0341 5 1 2 0 0.02 0 0 0.14 0.27
30.08.2017 0337 4 1 2 0.03 0.05 0.26 0.52 043 0.86
31.08.2017 0333 4 1 2 0 0 0 0 0 0
0109.2017 0329 4 1 2 0 0 0 0 0 0
02.09.2017 0325 4 1 2 0 0 0 0 0 0
03.09.2017 0321 4 1 2 0 0 0 0 0 0
04.09.2017 0.317 4 1 2 0 0 0 0 0 0
05.09.2017 0313 3 1 1 0 0 0 0 0 0
06.09.2017 0309 2 1 1 0 0 0 0 0 0
07.09.2017 0305 2 1 1 0 0 0 0 0 0
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Chapter 2 Abstract

Abstract

Most agrcultural soils are expected to be contaminated with agricultural chemicals. As the exposure
to pesticides can have adverse effects on@mget organisms, avoiding contanmated areas would

be advantageous on an individual level, but could lead to a ad#rand scape fragmentation with
disadvantages on the metapopulation level. We investigated the avoidance behavior of juvenile
common toads Bufo bufg in response to seven pesticide fonulations commonly used in German
vineyards. We used test arenéiled with silica sand and oversprayed half of each with different
pesticide formulations. We placed a toad in the middle of an arena, filmed its behavior over 24
hours, calculated the proportion of time a toad spent on the contaminated side and comjtdced
random side choice. We found evidence for the avoidance of the folpet formulation Folpan® 500 SC,
the metrafenone formulation Vivando® and the glyphosate formulation Taifun® forte at maximum
recommended field rates for vine and a trend for avoidané Wettable Sulphur Stulln (sulphur). No
avoidance was observed when testing Folpan® 80 WDG (folpet), Funguran® progress (copper hydrox
ide), SpinTorTM (spinosad), or 10% of the maximum field rate of any formulation tested. In the
choicetests in whichwe observed an avoidance, toads also showed higher activity on the
contaminated side of the arena. As video analysis with tracking software is not alwaydleasie

further tested the effect of reducing the sampling interval for manual data analyseshéed that

one data point every 15 or 60 minutes results in a risk of overlooking a weak avoidance behavior, but
still allows to verify the absence/presence of an avoidance for six out of seven formulations. Our
findings are important for an upcoming gticide risk assessment for amphibians and could be a

template for future standardized tests.
Introduction

About 40% of the area of the European Union is agriculturally uspdrjaking agriculture the
dominant type of landscape in many regions. Modern agriculture is often linked to extensive use of
agrochemicals to maximize crop yield. In 2017, 327 million kg of herbicides, insecticides and
fungicides were sold in the EU to control pests, weeds, and diseases in agricultural2jieltsq
results in a contamination of most agrltwal topsoils with pesticides3[4]. As breeding ponds of
European amphibians can often be found within or near crépg][ amphibians are likely to come in
contact with pesticides and contaminated soils during their-nepostbreeding migration §-10]
possibly resulting in an uptake of pesticid&$,[L2]. As the exposure to pesticides can have sthizlke
[13-15] and even lethl [16-18] effects, physitogical and behavioral adaptations of amphibians to
pesticides would decrease the hazard. Indeed, several studies found evidence for evolved pesticide
tolerance in terms of decreased sensitivity in amphibian larvae of populations frequently exposed to

pestcides, e.g. ikithobates sylvaticyd9] orRana temporarig20]. The simplest behavioral
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response to minimize adverse effects might be to avoid a contamination. Such a response

presupposes that amphibians are able to sense it.

Amphibians have good olfactory perceptia?il[22], and a pesticidgpermeableskin R3] allowing

the uptake of large molecule24]. Additionally, some pesticides used in agriculture are considered
to be skinirritating for humans, which is most likely also true for amphibians. Therefore, amphibians
might be able to perceive contaminations and to assessghality and suitability of water and
surfaces to avoid them2p]. Several mesocosm and laboratory experiments investigated the
avoidance of antaminated water bodies26-28] as well as surfaces like soil or filter papkt, R9-

32]. Results are partly contradictory and might depend on the species, the substrate, the exposure
period, the contaminant, and its concentration. Field studies that support surface laboratory tests
are scarce, but some showed that amphibians tend to avoid arable fields as habitat and prefer non
cultivated areas §, 33, 34]. Also genetic studies suggested a barrier effect of agricultural fields
[35, 36]. However, it remains unknown if these effects are partly caused by pesticides or if they are

solely the results of habitat characteristics.

For Eurpean amphibian species, studies on the avoidance of contaminated surfaces are lacking.
Therefore, in the present study, we investigated the avoidance behavior of the commonBa#al (
bufoLinnaeus, 1758) in response to surface contamination by sevemediffpesticide formulations.

We performed a laboratory experiment in which juvenile toads could choose between a
contaminated and an uncontaminated side of a test arena. In general, our setup is comparable with
those used in previous studie$l, 29-31], but instead of determining the side choice in intervals of
minutes to hours, we continuously filmed the behavior of a toad in the arena over 24 h. Based on this
video naterial, we answered the question Bf bufoavoids surfaces that had been contaminated
with pesticides at 100% and 10% of the maximum recommended field rate. Continuous filming
requires specialized hardware and, as it results in hundreds of hours ofsyiédsp specialized
tracking software to analyze the data. This comes with limitations in the experimental setup, e.g. the
contrast between the surface and the experimental animal has to be high enough to allow a reliable
tracking. Therefore, we tested # reduced data set, which would also allow a manual analysis,
results in the same pattern of potential avoidance behavior. As alterations of the movement
behavior after pesticide exposure are well known for amphibian lar8@k e further tested if the

toads exhibit a different activity on the contaminated side of the arena.
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Material and methods

Study species, sampling and animal husbandry

The common toad Bufo bufoLinnaeus, 1758) is one of the most widespread amphibian species in

Europe B8] and can be found in ponds within oear vineyardsq]. Bufo bufoo s | i st ed as
concern” BY, butthere ate b€&aNlec]ines of populations in their entire distribution area

[40-43]. Although there is a trend to avoid vineyards as habitat, adult toads can be found directly in
vineyards during their podtreeding migration andtheir risk for coming in contact with
contaminated soil is highB]. To investigate the potential of avoiding contaminated soils, we used

juvenile toads because they are leaving their aquatic habitat between May and August in Germany

[44], a time when most pesticides are appliedvineyards 8]. Further, juveniles play an important

role in the dispersal and the population connectivity in many amphibian speéfgs Thus, an

avoidance behavior of juveniles might have particularly adverse effects on the connectivity of

populations.

Between the end of July dnmidSeptember 2018 (se®l Tabldor exact dates), juveniles

of B. bufo (about 10 to 20 mm; metamorphed in June) were caught next to a peemarainwater
retention pond near Siebeldingen (RhinelaRdlatinate, Germany; 49.218368 N, 8.049538 E
(WSG84); 196 m a8 Fiy As the ponds used by hundreds of breeding individuals each year, we
expect that the juveniles are from several different clutches. The pond is surrounded by a vegetative
buffer strip, but is located in a landscape dominated by vineyards. As viticulture is adestici
intensive crop with on average 9.5 pesticide applications per year in Gerr@a8],[the pond and

the soils in the nearby vineyards can be expected to be contaminated with various agrochemicals.
Thus, also toads using this pond can be expected to be regularly exposed téadpestioth during

their aquatic and terrestrial life stages. Collected toads were kept in groups of up to 40 individuals in
outdoor net cages (40 x 65 x 30 cm) between six and 15 days (mean = 9.8 * 4.3 day§s[ aklgor

exact time spans) before an experiment. Individuals for the last chestgWettable Sulphur Stulln)
were only kept for one day. Cages were equipped with about 5 cm sodls mnd leaves as hiding
places and were regularly watered with untreated tap water. Soil, moss and leaves were collected in
the Palatinate Forest in a distance of about 1.6 km to the nearest vineyard and were therefore
expected to be not contaminated witbesticides $1 Fiyy Toads were fedd libitumwith Drosophila

sp. (own breed or purchased in a pet shop) or small insects ("meadow planktan9ht on a
meadow where no pesticides are used (distance to the nearest vineyard = Q1kFijy The day
before an experimental run, animalwere weighed to the nearest mg (CP153; Sartorius AG,
Gottingen, Germany; se®l Tabldor the mean weight of the individuals per experimentah),
transferred into plastic boxes (11.5 x 17.5 x 13 cm) filled with about 2 cm of moist soil, moss and
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leaves and kept individually in the laboratory until the experiment. During this time the toads were
not fed. Individuals chosen for an experimentahrhad been kept in the outdoor cages over the
same time period. Further, we aimed to minimize the variance of the body weight within an
experimental run. As common toads are explosive breeders we expected all individuals to have a

similar age.

Ethics staément

The study was approved by the Landesuntersuchungsamt in Koblenz (Germany; approval number
G1720044). The <col l ection of t 0 ad s-undg &enehmigungadiréktior d by
Sud Referat 4220ber e Nat urschut zbehor dele, Gerdany sappeovhk an
number 42/553254/ 457-18(1)).

Test substances

Experiments were performed with one insecticide, one herbicide and five different fungicide
formulations Table ) that are frequently used in German vineyards and also in the area around the
pond where toads were capture@®]] Commercial pesticides were obtained from a local distributor

and the Julius Kuhmstitut (Siebeldingen, Germany). Three of the pesticide formulations are also
approved for organic farmingréble ). For each pesticide, the maximum recommended field rate
(FR.ay for vine was used. For four pesticides the test was also conducted with 10%.f AARwe

were limited in the number of @rformed test runs and most vineyards are managed conventionally,

we tested only the conventional pesticides (Folpan® 500 SC, Folpan® 80 WDG, Taifun® forte, and
Vivando®) with 10% of FR All stock solutions were prepared with tap water according to the

manner of a common user for a water application rate of 200 L/ha.

Experimental setup

All experiments were performed in glass petri dishes with a diameter of 20 cm filled with 300 g silica
sand (SILIGRAN® dry, grain sizex003Lmm; Euroquarz GmbH, Dorsie@ermany). We chose a
bright sand to enhance the visual contrast of toads and background for subsequent filming. Prior to
pesticide application, the sand was moistened with 29.85 mL of tap water (equivalent to 9,500 L/ha)
by using a laboratory spray apgiion system (Schachtner, Ludwigsburg, Germany). One half of each
test arena was covered with a laminated paper semicirSe Fiyy and the sticide stock solution

was applied with the application system and an application rate of 200 L/ha. This resulted in a split
design, with exactly one half of each test arena uncontaminated and one half contaminated with
0.31 ml of the pesticide solutioms the amount of pesticide is only about 2% of the amount of
applied water, we neglected the resulting differences in the moisture between the two sides and did

not apply additional water on the uncontaminated side. The test arena walls were then shieiktied
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white paper strips to minimize external cues for the toads. To prevent escaping but still allow gas
exchange and filming of the toads, each arena was covered with a polyamide fabric (sheer tights with

8 denier).

Table 1:Pesticide formulations used fahoicetests with their maximum recommended field rate

(FR.ax for vine and the contained amount of active ingredient (A.l.).

. FRnax FRhax Organic CLP
Formulation Type Al formulation ALl farming  Classificatior

Folpan® 500 SC Fungicide Folpet 2.4 llha 1.2 kg/ha No H315, H317
Folpan® 80 WD& Fungicide Folpet 1.6 kg/ha 1.28 kg/ha No H317
Funguran® progreés Fungicide Copper hydroxide 2 kg/ha 1.074 kg/ha Yes -

SpinTof"* Insecticide ~ Spinosad 160 mL/ha 76.8g/ha  Yes -

Taifun® forte Herbicide Glyphosate 5 L/ha 1.8 kg/ha No H314
Vivando® Fungicide Metrafenone 320 mL/ha 160 g/ha No H317, H315
Wettable Sulphur Stullh  Fungicide Sulphur 3.2 kg/ha 2.55 kg/ha Yes H315

' At least the A.l. or one of the additives is classified according to Riegu{EC) No. 1272/2008 [CLP] as "Causes severe
skin burns and eye damage" (H314), "Causes skin irritation" (H315), "May cause an allergic skin reaction" (H317). Other
classifications that are not related to the skin were not considered.

2 ADAMA DeutschlahGmbH; Cologne, Germany

® SpiessUrania Chemicals GmbH; Hamburg, Germany

“DowDuPont Inc.; Wilmington, USA

®BASF SE; Ludwigshafen am Rhein, Germany

8Agrostulln GmbH; Stulln, Germany

For one experimental run (i.e. one pesticide at one concentratdnTablg 16 replicates (i.e. 16 test

arenas with one toad each; resulting in a total of 192 toads over the whole study) were used. Two
arenas wee placed in one dark test chambe®83 Fily The contaminated side of the arena was
orientated randomly into one of the cardinal directions. D light was attached above each arena

for illumination without shading the arena. A camera system, consisting of a Raspberry Pi (Raspberry
Pi 3 Model B; Raspberry Pi Foundation, Cambridge, UK) with a camera module (SC15; Kuman Ltd.,
Shenzhen, Chin&4 Fiywas attached to each test chamber. The camera was facing upside down to
allow the filming of two arenas at the same tim85( Fi)y Videos were taken with a resolution of

1,296 x 730 pixels and 24 frames per second and saved as 30 or 60 min long H.264 files.

At latest 90 min aftethe application of the pesticides, one toad was placed in the center of a test
arena and filming started for 24 h. The light was automatically turned off at 10 pm (about 10 h after
test initiation) for 8 h. During this time, the arenas were illuminatechwilight, which cannot be
sensed byB. bufo, but allows continuous filming. Neither the test chambers nor the room with the
test chambers had a sound insulation, but the room was not entered during any experimental run.
Temperature during filming was 232°C and the humidity between 57 and 81%. The toads were not
fed during the time of the experimental run and were released in a distance of 200 m to the pond

after the run.
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Before the choiceests with seven different pesticides, we conducted one cortst in completely
uncontaminated arenas (n = 16) to exclude the presence of any external influences on the side choice

or a preference for a cardinal direction.

Video analysis

The recorded videos of the choitests were converted into MP4 files with theoftware XMedia
Recode (Version 3.4.5.0; Sebastian Dorfler, Gunthersigechmar, Germany). The software
EthoVisiofiXT (Version 12.0; Noldus Information Technology, Wageningen, Netherlands) was used
to track the toads in the arenas. Toads were extradtedh the background via dynamic and static
subtraction. EthoVisidhXT determined every 0.4167 seconds (= sampling interval) if a toad was
sitting in predefined zones within the arena (matching the contaminated and the uncontaminated
side). Positions with a 2.5 cm wide area at the border between both sides (buffer zone) were
excluded to take possible inaccuracies and unintended contaminations during the application process
or leakage of the pesticide into account (s&k Tabldor the mean time in the buffer zone per
experimental run). Additionally, the distance moved between two time points was calculated. To
reduce noise in the acquired tragktrack smoothing with a 2 mm threshold was used (method
"minimal distance moved" with "direct" option in EthoVisfofiT). Tracks were checked for errors
and reanalyzed with adjusted settings when necessary. Videos of the ctedtokere analyzed in

the same way, but each arena was divided into halves orientated to the north & south and to the

east & west.

Parameters evaluated and statistical analysis

For statistical analysis, raw data from EthoViSkh were exported to R, version 3.448][ To allow
an acclimatization of the toads in the arenas, video material from the first three minutes of an
experimental run were skipped during the dysis in EthoVisidiXT. Data from the following 12
minutes were excluded during the data analysis in R, resulting in a total acclimatization period of 15
minutes. For choicgests, the percentage of time)(an individual spent on the contaminated side of
an arena o) was calculated. To analyze if a reduction of the sampling interval affects the
probability to detect an avoidance behavior, we subsampled the 24 hours of raw data and
recalculated,.sbased on a sampling interval of 10 secongs;(i9, 60 secondst st 69, 15 Minutes
(900 seconddest 909 and 60 minutes (3,600 secondis.: ssod, Starting with the first data point after
the acclimatization period. Additionally, we reduced our data to the first hour of a cheste es: 1
without changing the sampling interval and thus ignored the remaining 23 hours of an experimental
run. For the controtest,t was calculated for the side orientated to the north,{,) and west f{esy).
To identify a possible bias caused by the positbthe arena within a test chamber or of the test
chamber within the room, we calculatédilso for the side of the arena orientated to the wall of the
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room (wai) and to the second arena in the chambgy.f.). Both the direction to the wall and to the
second arena correspond to a cardinal direction. Following the approach of Hatch 29]ahnfl
Gertzog et al.31], two-sided onesample Wilcoxon signegnk tests were used to compaté¢o a
theoretical value of 50% that can be expected from a random side choice for each exmetinun.
Additionally, twesided paired Wilcoxon signednk tests were used to test for differences

betwee nt pest an d 1:p':-zst_lo 1:p':-zst_GO tpest . 900 tpest_3600or tpest_lh

As additional behavioral endpoint for the choitssts, the total distance moveger side ¢) was
calculated as measure of toad activity. To enable a comparison between moved distances on
contaminated ¢.s) and uncontaminatedd¢esy) Sides, distances were corrected for the respective
time spent per side and are given in meters peur. As distances were not normally distributed, we

used twesided paired Wilcoxon signednk tests to test for differences betweeh.s;anddgean

For all statistical tests, the criterion for significance was 0.05. When tdgtipggainst 50%

or dhestagainstdeean p-values from all tested formulations with the same concentration (n = 7 for
100% of FRyx n = 4 for 10% of FR) were adjusted (p adj.) using the false discovery rate (FDR)
method described by Benjamini and Hochbet§][ As we wanted to see if the subsampling of the
data would lead to the same avoidance pattern in a screening of the seven tested pesticide
formulations, ve also used FDR to adjust the@lues when testingpesiagainsttpes 10 tpest 60 tpest 900

toest 36008Nd thest 1niN the same way. However, as we were also interested if the subsampling results
in differences independent of the number of tested farkations in the screening, we also presented
unadjusted pvalues. Pralues of the contretest and when testindpesiagainsttyes: 10 tpest 60 tpest 900

tpest 360001 thest 1nWere also not adjusted. Median value§Bére given with their interquartile range

(IQR).
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Results

The controltest revealed neither a preference for any cardinal directi'rhﬂ(z 49.2%, IQR = 360
71.9%; Wilcoxon test vs. 50%: V = 72, p = 0.B0= 51.2%, 29:61.9%; V = 74, p =M82; n = 16 in
all tests) nor for the side orientated to the wal; = 39.4%, 26-869.6%; V = 63, p = 0.821) or to the
other arena .= 41.9, 28.752.2%; V = 44, p = 0.231) over 24 hours.

The animals spent on average less than 50% of theirdimthe contaminated side of the arena in all

tested formulations at FR, ((Bs< 50%fig land Table 3, with the exception of Funguran® progress

and Folpan® 80 WDG. Avoidance was significant for Folpan® 500 SC, Vivando® and Taifun® forte
(Table 2. There was also a trend to avoid the contaminated side for Wettable Sulphur Stulln £p ad,|.
0.068, but p = 0.039 without FDRable 3. No significant avoidance was observed when using a

concentration of 10% of ERin any formulation Table 2.

100 *kk * * °

75 ‘

50 = ===+ b

Time on contaminated side (%)

25 ‘

100% 10% 100% 10% 100% 100% 100% 10% 100% 10% 100%
Folpan® 500 SC Folpan® 80 WDG  Funguran® SpinTor™ Taifun® forte Vivando® Wettable
progress Sulphur

Stulln

Fig. 1:Boxplots showing the proportion of time a toad spent on the contaminated side of an ¢
over 24 hours for each tested formulation and concentratiggs(n percentage; dark blue = 100
of the maximumrecommended field rate (RR), light blue = 10% of ER). In each boxplot, the
boundaries of the box are the 9%ind 75" percentiles and the whiskers correspondent to t
lowest and largest value no further than 1.5 times from thé'a&d 75" percertiles away. Dats
points beyond the whiskers are shown as unfilled circles. Median values are presented as ho
lines and orange diamonds show tineean values. Significant difference from a random chc
(50 %; red dot &.d;* b adh € (0.05; *& p adp < GO values from tests with

the same concentration were adjusted using the HDR.16 pechoicetest.
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Table 2:Proportion of time a toad spent on the contaminated side of an ardga)(for each tested
formulation and concentration (10% or 100% of the maximum recommended field ratg,) BRd
results from twesided onesample Wilcoxon signednk tests that were useto comparetpestto a

theoretical value of 50% that can be expected from a random side choice.

Formulation % of Time on contaminated side (Y}es WilcoxonTest- compared to 50%
FRhax | Median IQR Range Mean \% p p adj.
Folpan® 500 SC 100 13.0 8.0-25.7 6.8-52.3 20.3 2 <0.001 <0.001
Folpan® 500 SC 10 29.1 16.0-64.7 1.2-91.6 39.3 41 0.175 0.701
Folpan® 80 WDG 100 50.5 20.2-75.2 6.2-95.6 49.4 67 0.980 0.980
Folpan® 80 WDG 10 50.0 25.4-65.0 6.9-89.3 47.8 62 0.782 0.782
Funguran® progss 100 59.5 159-781 6.6-95.3 50.9 65 0.900 0.980
SpinTof" 100| 449 17.8-715 7.7-96.1  45.7| 58 0.632 0.885
Taifun® forte 100 22.3 18.3-61.2 11.7-75.0 35.9 22 0.016 0.036
Taifun® forte 10 455 315-584 9.6-85.2 46.9 57 0.597 0.782
Vivando® 100 25.9 17.1-40.2 2.8-814 31.2 17 0.006 0.022
Vivando® 10 58.4 28.9-86.8 10.8-94.7 55.9 86 0.375 0.751
Wettable Sulphur Stulln 100 33.0 20.1-46.3 6.4-835 37.0 28 0.039 0.068

The reduction of the sampling interval did not resultsignificant differences in the proportion of
time spent on the contaminated side (all p > 0.144 when testingagainsttpest 10 tpest 60 tpest 900 OF
toest 3606 Fig 2andTable 3, with the exception ofges s0in Taifun® forte. Also the overall trend to
prefer one side stayethe same when comparinges 10 tpest 60 tpest 900 OF tpest 3s00agaiNSt a random
side choice (50%,able 3. However, without adjusting th p-values with the FDR, significance was
lost for Wettable Sulphur Stulln at a sample interval of one sample every 15 mitydtesod, and for
Taifun® forte at a sample interval of one sample every higul §s0) When using the FDRgble 3.
Restricting the study time to the first hour of the testcf 1y resulted in significant differences
to tpestin Folpan® 500 SC and Vivandei® 2and Table 3. When testindes; 1nagainst a random side

choice no significant avoidance of the contaminated side was found for any tested formulation.

In the three choicdests in which we observed a significant difference betwggnand a random
side choice, also significaniffierences in the activity of the toads were fountiaple 4. The median
distance a toad moved on the contaminated side per hour was on aveésdgéimes longer for
Folpan® 500 SC, 2.3 times longer for Vivando®, and 2.5 times longer for Taifun® forte than the
distance moved on the uncontaminated side. In all other chtesés no activity differences were

observed Fig 3and Table 3.
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Fig. 2.Boxplots showing the propddn of time a toad spent on the contaminated side of an art
for each tested formulation at the maximum recommended field rate,(fFfRand for different
sampling intervals. For the calculationtpéstall data over 24 hours were used. FQ&: 10 tpest 60,

toest_s00@Nd thest 36000Nly One side choice every 10, 60, 900 and 3,600 seconds, respectively
consideredipes; 1pcontains only data from the first hour of an experimental run. In each boxplot
boundaries of the box are the 9%ind 75" percentiles and the whiskers correspondent to t
lowest and largest value no further than 1.5 times from thd" aGd 7% percentiles away. Dat:
points beyond the whiskers are shown as unfilled circles. Median values are presented as ho
lines andorange diamonds show the mean values. Significant difference from a random ¢
( 50 %; red dot ked* padn<w0)05; **.e:ad. g 0.@1d**:.p adj. < 0.0P4/alues
from tests with the same sampling interval were adjusted using BDR. Significant differenc

compared tatpest: # = p < 0.05; ### = p < 0.001. N = 16 per cheste
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Table 3:Proportion of time a toad spent on the contaminated side of an arena for each tested

formulation at the maximum recommended field rateR,,,) and for different sampling intervals.

F lati Sampling Time on contaminated side (%)est Wilcoxon-Test- comp. to 509 WilcoxonTest- comp. tOtpes:
ormulation interval | Median IQR Range Mean| V p p adj. \Y p
tpest 13.0 8.0-25.7 6.8-52.3 20.3 2 <0.001 <0.00Ynot tested
tpest 10 13.0 8.0-25.8 6.8-52.2 20.3 2 <0.001 <0.00q 65 0.900
Folpan® 500 S tpest 60 13.0 8.3-26.0 7.0-525 204 2 <0.001 <0.00q 56 0.562
tpest 900 13.8 10.4-27.6 6.5-46.1 20.9 0 <0.001 <0.001 52 0.433
tpes 3600 164 7.8-28.1 43-57.1 214 3 <0.001 0.006 54 0.495
tpest_1n 411 26.6-48.4 9.4-100.0 42.0 34 0.083 0.583 7 <0.001
tpest 50.5 20.2-75.2 6.2-95.6 494 67 0.980 0.980| not tested
tpest 10 50.5 20.2-75.2 6.2-95.6 494 67 0.989 0.980 94 0.193
Folpan® 80 tpest_60 50.6 20.1-75.2 6.0-955 49.3 67 0.980 0.980 80 0.562
WDG tpest_o00 549 228-735 5.3-93.3 499 69 0.980 1.000 54 0.495
tpest_3600 50.0 16.6-70.0 0.0-95.7 48.2 47 0.754 0.879 84 0.433
tpest_1n 50.0 17.0-56.4 0.0-91.7 4138 46 0.454 0.835 78 0.330
tpest 59.5 15.9-78.1 6.6-953 50.9 65 0.900 0.980| not tested
tpest 10 59.6 15.9-78.1 6.6-953 51.0 65 0.900 0.980 42 0.193
Funguran® tpest 60 59.6 15.8-78.1 6.7-953 51.0 65 0.980 0.980 44 0.231
progress tpest_o00 57.1 19.2-78.0 55-97.8 51.1 68 1.000 1.000 63 0.821
tpest 3600 52.7 19.5-75.6 8.3-95.8 50.9 69 0.980 0.979 73 0.821
tpest_1n 444 33.9-52.6 0.0-100.0 43.1 41 0.170 0.596 99 0.117
tpest 449 178-715 7.7-96.1 457 58 0.632 0.885| not tested
tpest 10 449 17.8-715 7.7-96.1 457 58 0.632 0.885 72 0.860
SpinToP" tpest 60 444 178-71.7 7.6-96.2 457 56 0.562 0.789 85 0.404
tpest 900 450 18.8-68.4 5.6-958 45.0 56.5 0.570 0.797 90 0.274
toest 390 451 24.2-65.1 0.0-100.0 44.8| 535 0.469 0.657 82 0.495
tpest_1n 50.3 37.9-55.0 7.2-100.0 484 57 0.597 0.835 61 0.744
toest 22.3 18.3-61.2 11.7-75.0 359 22 0.016 0.036| not tested
tpest 10 22.3 18.3-61.2 11.7-75.0 360 22 0.016 0.036 39 0.144
. toest 60 22.3 18.6-61.5 11.9-75.0 36.1 22 0.016 0.036 23 0.018
Taifun® forte
tpest 900 24.3 17.0-56.2 10.6-73.9 35.8 24 0.021 0.050 68 1.000
tpest 3600 257 16.5-56.9 9.1-77.3 357 255 0.030 0.067 71 0.900
tpest_1n 62.6 300-67.6 2.3-96.1 524 71 0.900 0.900 35 0.093
toest 259 17.1-40.2 2.8-814 312 17 0.006 0.022] not tested
tpest 10 259 17.1-40.2 2.7-81.4 312 17 0.006 0.022 87 0.348
Vivando® toest 60 26.0 17.2-40.3 2.8-81.2 312 17 0.006 0.022 71 0.900
tpest 900 259 16.5-43.3 3.6-81.4 312 19 0.009 0.032 68 1.00
tpest 3600 26.1 12.9-395 53-76.2 311 17 0.006 0.022 53 0.464
tpest_1n 46.6 37.2-79.3 10.6-94.0 52.2 49 0.839 0.900 15 0.033
tpest 33.0 20.1-463 6.4-835 37.0 28 0.039 0.068| not tested
tpest 10 33.0 20.2-46.3 6.4-835 37.0 28 0.039 0.068 53 0.464
Wettable toest 60 329 20.1-46.3 6.3-839 371 29 0.044 0.078 53 0.464
Sulphur Stulln  tpest 900 325 17.7-50.6 9.7-829 36.9 27 0.065 0.114 78 0.632
tpes_3600 31.7 16.7-51.5 12.5-82.6 36.6 23 0.038 0.067 77 0.669
tpest_1n 418 375-585 0.0-735 454 48 0.524 0.835 38 0.229
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Fig. 3:Boxplots showing the distance moved in meter per hour on the contaminalgg ¢ark blue
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no further than 1.5 times from the 5and 73" percentiles away. Data points beyond the whisk
are shown as unfilled circles. Median values are presented as horizontal lines and orange dii
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0.001.P-values from tests with the same concentration were adjusted ufiegFDRN = 16 per

choicetest.
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Table 4:Distances moved in meter per hour on the contaminated (pest; 10%0% of the of the
maximum recommended field rate (FR; dyes) and uncontaminated (cleadge.) Side of an arena

and results from twesided Wilcoxon signerhnk tests that were used to compadges;and deiean

WilcoxonTest-

. % of . Distance maed (m/h)
Formulation FR. Side clean vs. pest
ax Median IQR Range Mean | V p p adj.
Clean 0.55 0.40-0.84 0.15-1.23  0.63
Folpan® 500 SC 100 0 <0.001 <0.001
Pest 281 1.26-4.01 0.48-7.28 3.01
Clean 0.81 0.49-2.30 0.18-5.06 158
Folpan® 500 SC 10 peqt 119 091-227 038-6.68 100 >° 0632 0.701
Clean 1.69 0.84-2.48 0.30-4.85 198
Folpan® 80 WDG 100 5 ° 167 0.89.247 026.502 1oa| 72 0.860 0.860
Clean 1.35 0.80-1.75 0.53-6.42 1.70
Folpan® 80 WDG 10 pest 125 087-183 030-493 166 0 094 0.782
Clean 0.98 0.69-1.99 0.27-427  1.43
Funguran® progress 100 Pest 077 054-271 0.26-526 156 64 0.860 0.860
Clean 1.36 0.94-2.63 0.30-4.92 1.85
inToM 1 2 4 .
SpinTo 0 best 139 081-514 028-597 253| ° 0.433 0.606
. Clean 0.93 0.79-1.21 0.30-2.61 1.11
Taifun® forte 100 o 933 084.335 047.3908 oo21| 24 0.021 0.050
. Clean 1.14 0.73-2.39 0.41-820 1.91
Taifun® forte 10 0o 165 074244 048.400  17a| 8 0.934 0.782
. Clean 0.63 0.31-1.04 0.07-4.19  0.89
Vivando® 100 peet 144 094-320 037-675 237 1/ 0008 0.022
. Clean 2.37 0.80-3.11 0.47-511  2.20
v 1 37 751
vando® O pest 132 070-2.47 028-3.97 163| °° 0.376 0.75
Wettable Sulphur Clean 0.94 0.72-1.94 0.43-3.96 1.53
Sulin 100 peet 224 112-391 053-4.61  2.46| X 0.058 0.101
Discussion

Based on over 2,300 hours of video recordings, we found evidence of an avoidance behavior of
common toad juveniles for three out ofegen tested pesticide formulations at maximum
recommended field rates. For one other formulation a trend for avoidance could be observed. As we
could exclude the presence of external cues or a cardinal direction with the coestolthe
observed side choe can be traced back to the pesticide. Overspraying the surface with the
maximum recommended field rate represents a wezakse scenario. Fungicides and insecticides are
usually applied directly on the plant, resulting in an interception by the croplaemfore a reduced
concentration on the grounds)]. However, especially fungicides are applied several times per year
with short time peria@ls between applications and often as mixtures of several formulations
[8, 46, 51], increasing the overall soil pesticide load. Further, herbicides like the testetoglyte
formulation Taifun® forte are usually directly applied on the ground. Therefore, contamination of the

soil with the field rate is a worstase, but still realistic scenario.
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To avoid a contaminated surface, toads have to be able to detect the caméion. As the used
formulations did not dye the silica sand, visual detection is unlikely. Therefore, the detection is likely
to be related to olfactory or somatosensory perception, or internal mechanisms like a metabolic
response that triggers a purposgientated behavior and presupposes the uptake of the substance.
As amphibians have a highly permeable sRij,[an uptake is possible whehey come in contact

with contaminated soil 11, 12]. However, as shown for the common wall lizaRbdarcis muraljs

[52], the metabolic response might be tintelayed, making it unlikely for the toad to link the
metabolic response to the pesticide exposure and to subsequently react with an avoidance of a
contaminated surface. In Storrs Méndez et all][an uptake of atrazine was demonstrated for the
American toad B. americanu$, but even after 60 hours, no avoidance behavior was observed.
Amphibians have a good olfactory perception and use chemical fonesxample during courtship

[21] or for orientation R2]. JuvenileB. bufoare able to perceive and recognize olfactory cues from
different sources, e.g. lake watebd. Farabaugh and Nowakowski4] demonstrated that the
strawberry poison frog@ophaga pumilipcan use olfactory cues to detect the glgshte herbicide
Roundup™. Therefore, the detection of olfactory cues from contaminated surfaces might be
possible. However, it remains unknown if the differentiation of contaminated and uncontaminated
areas based on olfactory cues is possible in an angtiaa diameter of only 20 cm like in our setup.
Compared to the olfactory perception, the somatosensory perception might be more independent
from the dimensions of the arena and the contaminated and uncontaminated areas. The active
ingredient or at leasbne of the additives of all three avoided pesticide formulations, as well as of
Wettable Sulphur Stulln, where a trend to avoidance could be found, are classified as "Causes severe
skin burns and eye damage" or "Causes skin irritation". This is not tieefeashe other tested
formulations, even though Folpan® 80 WDG is classified as "May cause an allergic skin reaction"
(Tab.1). Therefore, thee classifications could be an indicator for an avoidance behavior. However,
some classified additives can only be found in small amounts in the formulation (e.g. <0.1% 3
Benzisothiazolinon in Folpan® 500 SC) and also the number of tested formulatomniois to draw

any general conclusion. Therefore, the physiological mechanisms of the avoidance remain unknown,

and could also be different between formulations.

Interestingly, we found a significant avoidance of Folpan® 500 SC, but not of Folpan® GoWDG.
formulations have the same active ingredient folpet and were tested in their maximum
recommended field rate, which results in a comparable amount of the active ingredient (1.20 and
1.28 kg a.i/ha). Therefore, toads might not be able to detect fol@diserved differences in the
avoidance cannot be explained by the active ingredient, but might be the result of additives in the
formulation. Additives change the characteristics of the formulation and several studies showed that

they can enhance or decrsa toxic effects17, 55, 56]. Folpet is classified as "May cause an allergic
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skin reaction”, but denzisothiazolinone, an additive only in Folpan® 500 SC, is atsifietl as
"Causes skin irritation”, which might affect the avoidance behavior. Individuals tested on Folpan® 500
SC were captured in the beginning of August, while individuals used for Folpan ® 80 WDG were
captured in the beginning of September, so walmut one month older and also differed in their
body weight §1 Tablg It cannot be ruled out that these differences influenced the behadiomng

the tests and therefore caused the contrasting results among the two folpet formulations. Due to the
variability between experimental runs in weight/size and age of the individuals, but also in the time
the toads were kept in the cages before thepekment or the exact starting time of the experiment

(S1 Tablg comparisons among experimental runs can only be made with caution. Differentee

age, but also differences in the habitat use (i.e. the time spent in vineyards) might also come with
differences in the exposure to pesticides before the experimental run. As each pesticide was tested
only once at 10 or 100% of R general conlasion if and how all these factors affect the avoidance
behavior cannot be stated. Thus, their combined effects should be examined in future studies in

detail.

In previous studies, amphibians were able to detect and therefore avoid pesticides in thattaigor

on artificial surfaces like filter paper, but usually not on more natural soils. Hatch eR%l. [
conducted choice tests with urea, veh is used as fertilizer in agriculture and forestry. Juvenile
western toads Bufo boreapand cascades frogRéna cascadgeavoided urealosed paper towels in

an arena experiment, but showed no preference when a natural substrate was used. In contrast,
Gaglione et al.30] found avoidance of urea both on contaminated filter paper as well as commercial
top soil for the redbacked salamanderP{ethodon cinere)s Gertzog et al. 31] showed

that P. cinereusalso avoids filter paper contaminated with three different herbicide forrtiates.

Also Iberian newtsL{ssotriton boscaiformerly Triturus boscai avoid filter paper dosed with the
fertilizer ammonium nitrate 32]. Storrs Méndez et allfl] conducted choice tests with the herbicide
atrazine on soil. Although atrazine was absorbed by juvenile Americals Bafo americanus no
avoidance could be detected. In terms of environmental realism, we rank the silica sand used in our
study system as intermediate between studies with contaminated filter paper and natural soil.
Although loamy to sandy soils can fe&ind in vineyards, organic components are completely lacking

in the sand we used, which is unrealistic for natural soils. The organic matter content of soils affects
the bioavailability, uptake and thus bioaccumulation of pesticides by amphib&fis dnd could
therefore also play a role in the avoidance behavior. We chose the silica sand mainly because of its
coloration, as its brightnessdreased the contrast to the dark toads. Most natural soils would have
been darker, thus decreasing the contrast to the experimental animal and increasing the probability
of errors during the automatic detection of the toads in the arenas by EthoViXibMNatural soils

could be tested when side choice is determined manually without a tracking software. However, this
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would require the reduction of the sampling interval. A reduction to every 3,600 seconds (= 1 hour;
resulting in 24 frames when filming for 2#urs) or 900 seconds (= 15 minutes; 360 frames over 24
hours) would allow determining the side choice manually without a tracking software. The reduction
to one data point every 10 or 60 seconds would only allow to speed up the, in some cases long
lasting, analysis with the tracking software. In general, the reduction can be expected to have only
little effect on the proportion of time spent on a side, as differences presuppose that toads are very
active and are changing the side frequently. Howeverases where the avoidance behavior is only
weak, also small differences might result in an increased probability ofgalsiéve or falsenegative
results. In our study, a weak avoidance behavior was observed for Taifun® forte at a sample interval
of one sample per hour tfest 3606 P = 0.030). Nevertheless, in a screening of several pesticide
formulations, one has to consider the probability of a type | error, and thus adjust-treues of
statistical tests, which resulted in the loss of significanceTaifun® forte thes: 360). Pvalue
adjustment also resulted in-palues above the criterion of significance (0.05) tfegand all
subsamplings df,.s:when testing Wettable Sulphur Stulln. Thus, the same avoidance response of the
toads to the pesticde was found for all sample intervals. However, when solely regarding Wettable
Sulphur  Stulln  without using the FDR, a significant avoidance behavior was found
for tpess tpest 10 tpest 60 @NAtpest 3600 DUt NOL fOrtges: 900 Thus, both a sampling inteal of one sample

per 15 min and one sample per hour could have led to an overlooked avoidance behavior in one
pesticide formulation. When the data was limited to the first hour of an experiment, no avoidance
behavior could be detected for any tested pegle. Some toads did not move at all during the first
hour, underlining the importance of a prolonged acclimatization period. Future studies on amphibian
avoidance behavior should be aware of these problems and should not neglect cases where no
significarce, but a trend is found, e.g. when it comes to choosing formulations for a Higier
assessment. As we found high variability in the behavior of tested toads, we would further

recommend to increase the number of replicates, if possible.

Alterations of he movement behavior after pesticide exposure are well known for amphibians. An
abnormal swimming behavior and a decreased activity of larvae can often be obs&éd][
whereby such alterations are usually induced by the neurotoxicity of the pesti&8ilelfi our study,
differences in the distance moved per hour on the contaminateisushe uncontaminated side
might be rather linked to the avoidance behaviorttie sense that toads might have avoided resting

on the contaminated side for longer periods. Consequently, we found increases in the moved
distance on the contaminated side in the chotests with Folpan® 500 SC, Vivando® and Taifun®
forte. In general, rast studies on amphibian behavioral response to pesticides are focusing on the
larval stages in an aquatic environmer®7], which correspons to the underrepresentation of

terrestrial life stages in ecotoxicological studié6][ Considering the high toxicity of some pesticides
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for terrestrial amphibians16-18], the numerous studies on effects in the aquatic habi®&f] [and

the effects of pesticides on the behavior of other ectothermic grolikeslizards 1], it is likely that
pesticides can also alter the behavior of terrestrial amphibians. However, most studies on the effects
of pesticides on terrestrial amphibians did not find evidence for behavior alterations (see review in
[60]). One explanation might be a lack standardized methods and adequate endpoints to study
these alterations. To our surprise, we found no ecotoxicological study in which automatic video
tracking of exposed individuals was used in terrestrial amphibians, although this method is often
used n a variety of taxa like bee$3], green lacewings6B] or mice p4] and also for aquatic
amphibian larvae g5, 66]. This method might provide informative endpoints in future terrestrial
amphbian studies in an upcoming pesticide risk assessment for amphibians. The setup we used,
which is based on a Raspberry Pi, might help researchers to study these aspects, as it allows the
filming of multiple individuals in parallel and it is a simple, fyeebnfigurable and affordable
alternative to specialized video equipment. Besides highly professional tracking software like

EthoVision there is also a rising number of osenrce, freely available alternative®7].

We detected avoidance of three out of seven tested pesticide formulations at 100%,QfdfE no
avoidance when using a concentration of 10% of,HR any formulation. As agnilture with
frequent pesticide applications is the dominant type of land use in many regions, an avoidance might
contribute to a chemical landscape fragmentation. Landscape fragmentation can lead to reduced
gene flow between, and as a result, reduced dia of amphibian population€§]. On the other

hand, the lack of avoidance behavior in the other tested formulations might increase thieigest
exposure risk of amphibians in agricultural landscapes, which could lead to subl2hab][and

lethal effects, even at field rates of 10%7]. Therefore, weconclude that a heterogeneous
landscape with green corridors between populations and different habitat types is needed so that
contaminated areas can be avoided without leading to a fragmentation of the landscape. Future
studies on behavior choice tests alid consider adult individuals, natural soils with different
contents of organic matter as well as soils that have been oversprayed not directly before the test
allowing adsorption to soil to represent other potential scenarios. Testing individuals from
uncontaminated populations would help to understand whether the avoidance is an evolved
adaption. Future tests should also reflect realistic application sequences with mixtures of multiple
pesticides §9]. Last but not least, field studies are needed to verify results from laboratory studies

under realistic conditions.
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Supporting information

S1 TableDetailed information about each choice te3the table includes the date when the toads
were captured, the date of the experimental run, the &mwhen the first and the last toad were
placed in the test arenas, the mean weight with its standard deviation (SD) of the toads used in each
test as well the proportion of the total time a toad spent in a 2.5 cm wide area at the border between
the contamnated and uncontaminated side of an area (buffer zone). Positions of toads in the buffer
zone were excluded when analyzing the avoidance behavigp,BRhe maximum recommended

field rate of a formulation.

Formulation % of Date of 'toad Date of test Start time Starttime[ Weight (mg) . Time in buffer zone (%)
FRhax sampling firsttoad lasttoad| Mean SD Median IQR Range Mean

Folpan® 500 SC 100 01.08.2018 14.08.2018  12:17 12:34 293.1 42.4 6.1 27-15¢ 1.5-46.€ 12.7
Folpan® 500 SC 10 24.08.2018 30.08.2018 11:16 11:33 372.1 48.7 5.8 4.3-11.5 0.8-52.¢ 12.t
Folpan® 80 WDG 100 03.09.2018 13.09.2018 11:14 11:30 4337 1154 12.2 6.4-24.6  2.0-43.2 17.1
Folpan® 80 WDG 10 01.08.2018 07.08.2018  12:27 12:42 368.€ 52.3 158 10.2-34.€ 2.0-45.z 200
Funguran® progress 100 09.08.2018 16.08.2018 12:26 12:44 306.¢ 49.9 10.2 4.5-16.2 3.2-36.2 12.2
SpinToTM 100 29.08.2018 11.09.2018 11:45 12:04 442.1 84.4 13.¢ 6.1-21.2 1.5-40.4 15.1
Taifun® forte 100 25.07.2018 09.08.2018  13:29 13:45 333.¢ 717 10.5 6.7-154  3.8-60.Z 15.C
Taifun® forte 10 13.08.2018 28.08.2018 10:58 11:20 362.¢ 58.4 224 11.0-31.€ 5.3-59.2 24.2
Vivando® 100 09.08.2018 21.08.2018 12:27 12:43 305.8 60.4 8.2 3.0-17.t 1.6-54.¢ 14.¢
Vivando® 10 24.08.2018 04.09.2018  11:07 11:20 384.€ 75.0 121 48-35E5 2.1-58.E 20.€
Wettable Sulphur Stul 100 19.09.2018 20.09.2018  12:07 12:24 552.€ 88.6 7.8 3.9-18.€ 2.7-51.€ 13.7
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S1 Fig.Map of the study area. The points show the location of the pond where the chdils for
the experimental runs were captured (blue; "Pond"), the location where insects for feeding ¢
toads were captured (yellow; "Meadow") and the location where soil, moss and leaves
collected to equip the outdoor net cages (red; "Palatinateorest"). Reprintec
from www.lvermgeo.rlp.deunder a CC BY license, with permission from GeoBé&sis/

LVermGeoRP2020, original copyright 2020.
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S2 Fig.Glass petri dish filled with silica sand before the pesticide application. One side is ct
with laminated paper semicircles to prevent contamination of the clean side during the applic

process.

S3 Fig.Two test arenas with experimental animals in a test chamber right before test Atamas

are covered with a polyamide fabric.
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S4 Fig.Photo of the camera module (SC15; Kuman Ltd., Shenzhen, China) that was used tc
the toads and used LED lights. The camera was attached to a Raspberry Pi (Raspberry Pi 3
Raspberry Pi Foundation, Cambridge, UK).

S5 Fig.Sceenshot of a video recorded during one of the choice tests showing experimental ar

in their arena with the visualization of the track of the animals from EthoVision® XT.
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Abstract

Amphibian populations have been declining globally over the past decades. The intensification of
agriculture, habitat loss, fragmentation of populations and toxic substances in the environment are
considered as driving ¢tors for this decline. Today, about 50% of the area of Germany is used for
agriculture and is inhabited by a diverse variety of 20 amphibian species. Of these, 19 are exhibiting
declining populations. Due to the protection status of native amphibian epedi is important to
evaluate the effect of land use and associated stressors (such as road mortality and pesticide toxicity)
on the genetic population structure of amphibians in agricultural landscapes. We investigated the
effects of viniculture on thegenetic differentiation of European common froBaha temporarin
populations in Southern Palatinate (Germany). We analyzed microsatellite data of ten loci from ten
breeding pond populations located within viniculture landscape and in the adjacent fdoest édnd
compared these results with a previously developed landscape permeability model. We tested for
significant correlation of genetic population differentiation and landscape elements, including land
use as well as roads and their associated trafifierisity, to explain the genetic structure in the study
area. Genetic differentiation among forest populations was significantly lower (median
pairwiseFst=0.0041 at 5.39 km to 0.0159 at 9.kt distance) than between viniculture populations
(median paiwiseFst=0.0215 at 2.3«m to 0.0987 at 2.38m distance). Our analyses rejected
isolation by distance based on roads and associated traffic intensity as the sole explanation of the
genetic differentiation and suggest that the viniculture landscape baset considered as a limiting
barrier forR. temporarianigration, partially confirming the isolation of breeding ponds predicted by
the landscape permeability model. Therefore, arable land may act as a sink habitat, inhibiting genetic
exchange and causingenetic differentiation of pond populations in agricultural areas. In viniculture,
pesticides could be a driving factor for the observed genetic impoverishment, since pesticides are
more frequently applied than any other management measure and can béyhimtic for terrestrial

life stages of amphibians.
Keywords

Landscape genetichlicrosatellites AmphibiansCommon frog|solation by distanceéAgriculture
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Introduction

The survival of amphibian wildlife populations is threatened by habitat loss, fraigimen of
populations, diseases, invasive species, climate change and toxic substances (Stuart et al., 2008).
Underlying causes of habitat loss, fragmentation and habitat pollution with toxic substances are the
expansion and intensification of agricultug@allant et al., 200Hartel et al., 2010) as well as built

up areas due to the development of traffic infrastructure, urbanization and industrialization
(Lofvenhaft, Runborg & Sjogré&sulve, 2004). While the hazard of build areas for amphibians is
obvious (i.e.roads with car traffic as physical barriers), the threat of agriculture is more complex.
Beside habitat loss and fragmentation of remaining suitable habitats or populations, agriculture often
requires the development of irrigation, drainageddor retention systems, which can impact the
availability and quality of amphibian breeding sites. Yet despite their limited dispersal capacity
compared with other vertebrates (Hillman et al., 2014), amphibians have been able to persist in
agricultural lalscapes by adapting to the altered availability of breeding sites (Mann et al., 2009). In
agricultural landscapes, breeding habitats are often completely surrounded by arable land (Berger,
Pfeffer & Kalettka, 2011). Thus, amphibians regularly have to egresultural land during dispersal

and seasonal migration (i.espring migration for reproduction) or for foraging and are therefore
likely exposed to field cultivation measures (Becker et al., 2087hardt, Brihl & Berger,
2014;Joseph, 2016).

The expnsion and intensification of agriculture also involves input of a wide variety of agrochemicals
into the environment. Pesticides play a crucial role in this context, since they can be highly toxic to
terrestrial life stages of amphibians (Brihl et al.120Cusaac et al., 2016). Additionally, a spatio
temporal overlap of pesticide applications with the terrestrial activity phase of amphibians was
demonstrated for some crops (Lenhardt, Brihl & Berger, 2014). In a terrestrial exposure scenario,
applicationrelevant rates of fungicides caused mortality rates of approximately 70% (Belden et al.,
2010) and 100% (Bruhl et al., 2013) of amphibian test organisms. Also, the use of two or more
pesticides in a mixture application is very common and may cause higkieity compared to non
mixture applications (Kumar, 201Brodeur et al., 2014). Furthermore, pesticides from different
applications may accumulate in surface waters (Ulrich et al., 2015), exposing adult amphibians and
their larvae to a diverse pesticidaixture. The demonstrated sublethal and lethal toxicity of various
pesticides on aquatic and terrestrial life stages of amphibians (Sparling & Fellers R2GES,
2011;Dencél et al., 20135hose et al., 2014;au, Karraker & Leung, 2015) suggests amially

strong selection effect on metpopulations in agricultural landscapes. Furthermore, mortality or
reduced locomotion capacity of amphibians due to pesticide exposure may promote the

fragmentation of breeding pond populations (Lenhardt et al., 3013
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Chapter 3 Material and Methods

An indirect method to assess the effect of fragmentation on amphibian breeding pond populations is
the use of neutral molecular markers, such as polymorphic microsatellitesnarecoding DNA
sequences consisting of tandem repeats and exhibiting imgtation rates (Jehle & Arntzen, 2002).

By combining several microsatellite markers it is possible to estimate genetic differentiation among
adjacent populations (Beebee & Rowe, 2008). Linear barriers, such as roads or major rivers, can
cause a significanncrease of genetic differentiation among amphibian breeding populations (Arens

et al., 2007Marsh et al., 2007). If agricultural fields function similarly as migration barriers or sink

habitats, a population differentiation within a mefaopulation coud be expected.

In the present study, we analyzed the genetic differentiation oRsiRa temporaridINNAEUS 1758
(European common frog) breeding pond populations from a viniculture landscape, using ten
polymorphic microsatellite loci. Also, we analyzedirf populations from the adjacent Palatinate
Forest as a reference for widely unhindered gene flow. We tested for significant correlation of
genetic population differentiation and landscape elements, including land use and linear barriers
(roads and theirassociated traffic intensity), to explain the genetic structure in the study area. If
viniculture acts as a migration limiting barrier for amphibians, we would reject the null hypothesis of
a metapopulation in the study area and rather expect a detectaj@etic structuring among the
analyzedR.temporariabreeding pond populations. Also, we compared the estimated genetic
differentiation with the results of a landscape permeability model from the same study area
(Lenhardt et al., 2013). In this model, fiekles were considered to decrease the permeability of
agricultural land, causing a fragmentation or even isolation of amphibian breeding sites. The aim of
the present study was to test the model predictions for the common frog by applying landscape
geneic methods, i.ewhether the genetic differentiation of the examined breeding pond
populations would reflect the predicted population fragmentation of common frogs in the

vinicultural landscape.
Material and Methods

The study was conducted in RhinelaRdatinate, Germany, between Neustadt/Weinstrasse and
Landau/Pfalz (Fig. Ejgs. S4S3). We sampled ten breeding pond populations Rof
temporariaduring the breeding seasons 202014. Six of these ponds (H?6) were located in the
vineyards of Southern Rainate and four (P#10) were inside the adjacent Palatinate Forest. The
distance between the sampled ponds-HPP varied between about 0.9 and 15 km, whereas P10 was
located about 40 km northwest of the core study area near Kaiserslautern (Figs. S4atétmdies

of breeding pond populations P3, P5 and P6 were directly connected to the Palatinate Forest by

permanent or seasonal streams, whereas for P1, P2 and P4 this was not the case.
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We collected eggs from all explicit distinguishable clutciNes 1-10) ofR. temporarigoer breeding

pond (PHP9; in total 71 clutches) and hatched them in 300 ml glass bottles filled with tap water to
Gossner stages 205. Sampling was approved by the Structure and Approval Directorate South of
RhinelandPalatinate, department 42, Upper nature conseigat authority (approval number
42/553-254). Three tadpoles per clutch were randomly selected for genetic analysis. Since females
of R. temporarigypically lay a single clutch per breeding season (Schlipmann et al., 1996), we
assumed only fuliblings exdted within clutches. Furthermore, we included genetic data of 21
adultR. temporarigrom P10 from a previous study (Mdller, Lenhardt & Theissinger, 2013). We
applied a high salt DNA extraction protocol to obtain DNA from tissue samples of the tadpoles
(Aljanabi & Martinez, 1997).

We analyzed ten variable microsatellite loci (TabléMatsuba & Merila, 2009) and amplified the
fragments in two multiplex PCRs using the QIAGEN Multiplex PCR Kit (Hilden, Germany)

followingMdiller, Lenhardt & Theissinger (2013)he selected loci were chosen from a number of
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tested loci due to their amplification success and polymorphism in an earlier study (Muller, Lenhardt
& Theissinger, 2013). Also, six of the selected loci were located on different chromosomes (Table 1;
seeCano et al., 2011). Amplification products were run on a CEQ 8000 Sequencer (Beckman Coulter,
Krefeld, Germany). Fragments were analyzed with the software GeneMarker 1.95 (SoftGenetics,
State College, Pennsylvania, USA) and verified with Miberker 2.3 (Van Oosterhout et al.,
2004).

Table 1:Basic information on used microsatellites: amplification success (AS) based on all data as
well as the number of sampled alleles and allelic richness for forest (F) and viniculture (V)

populations. Physically unked loci are marked with an asterisk (s@&no et al., 2011).

Locus BFG130* BFG092* BFG066 BFG151 BFG090* BFG082 BFG099* BFG160* BFG145* BFG129

Motif TCTT TATC AAG GAAA CTAT TATC ACTC TCTA TCTA  CTAT
AS [%] 100 84 87 93 78 96 99 100 96 96
Number of alldes sampled

F 7 22 17 20 16 21 5 23 16 25
\Y, 7 19 13 23 13 22 4 23 15 23
Allelic richness

F 6.924 21.759 16.195 19.762 16.000 20.665 4928 22578 15.928 24.638
\% 6.914 17.635 12.952 20.738 13.000 19.900 4.000 19.992 14.115 21.513

The main concern darvae sampling is a potential bias of the results due to siblings in the data set.
Removing fulkiblings most likely produces results that are closer to those calculated from adult
individuals and therefore improves the inference of population geneticliss based on larval
samples (Goldberg & Waits, 2010). We removeddiblings from the data by randomly selecting one
tadpole per clutch, resulting in seven to ten individuals per population. We calculated -Hardy
WeinbergEquilibrium over all populationsising GenePop 4.2 (Raymond & Rousset, 2004). We
grouped individuals from populations 26 into a viniculture population (V) and individuals from P7
to P10 into a forest population (F) and calculated the number of sampled allelgsaii allelic

richnesgNag) using FSTAT 2.9.3.2 (Goudet, 2002).

The removal of fulsiblings from data may improve the quality of the results, but causes a low
number of individuals per site, especially in small populations. This might introduce a bias due to
picking one indidual over another. To compensate for this potential bias, we applied the repeated
randomized selection of genotypes (RRSG) approach (Lenhardt & Theissinger, 2017). This approach
for removing fullsiblings from an offspring data set produces populatioringstes which are closer

to estimates calculated for the parental data set, compared to estimates based on data containing
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siblings. Any potential bias due to selection of one sibling over another is compensated by
performing multiple estimates of the gerietparameters. This RRSG approach was thus applied in all

subsequent population genetic analyses.

To examine the genetic structure of the sampled populations, the Bayesian clustering software
STRUCTURE 2.3.4 (Pritchard, Stephens & Donnelly, 2000) w&Sinsedhe presence of siblings can

also bias the detection of genetic clusters (Anderson & Dunham, ZififjguezRamilo & Wang,

2012), we again applied a RRSG approach creating 500 subsets of genotypes without siblings,
resulting in 71 individuals frorihe populations PAP9 per subset. Population P10 was excluded due

to a possible isolation by distance effect (see resitgchard, Wen & Falush, 2010).

As we expected some genetic exchange between populations, but an overall weak population
structuring,we chose the admixture model with imposed sampling locations (LOCPRIOR). The model
was calculated with an initial busim of 100, 000 and a Markov Chain Monte Carlo (MCMC) of 500,

000 repeats for each subset and each predefined cluster number K betward 9. To determine

the most likely number of clusters K, the program STRUCTURE HARVESTER (Earl & VonHoldt, 2012)
was used. Results were combined with the LargeKGreedy algorithm with 10, 000 random input
orders in CLUMPP (Jakobsson & Rosenberg, 2007)saradised with DISTRUCT (Rosenberg, 2004).

For linkage disequilibrium over all populations, population painkisand Rsras well as for observed

(Ho) and expectedHg) heterozygosity calculations we applied the RRSG approach with 100, 000
calculations sing GenePop. Only one individual genotype per clutch was automatically selected in

each calculation, thus producing results for linkage disequilibrigmiRss Ho andH: values based on

data without fullsiblings. For interpretation, we used median paseFRst(MPF) and median
pairwiseRst(MPR) values as well as medldpnandH:zvalues over all RRSG calculations. For the
interpretation of the linkage disequilibrium we, calculated a possibility of linkage for each loci pair by
forming a quotient of numer of calculations where linkage was detectpev(al ue <0. 05) di v
total number of calculations of the RRSG approach. We considered a loci pair linked when 5% or
more of the 100, 000 calculations detected a statically significant linkage disequililfar the

respective loci pair.

We calculated a distance matrix for the breeding ponds and analyzed isolation by distance for MPFs
and MPRs over all breeding pond pairs wusing Ger
used MPF/(IMPF) and MPR/(MPR)as the dependent variable and the corresponding linear
geographic distance, number of roads as well as the cumulated traffic intensity of all roads (vehicles
per 24h; received from the Ministry of the Interior, Sports and Infrastructure RhineRaldtirate in
2015;Tables SandS2) bet ween breeding ponds as the indep
Spearman rank correlation for matrix correlation with 10, 000 permutations (Rousset, 1997).
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To address the spatial configuration of habitat types testw breeding ponds, we adjusted the linear
geographic distance with respect to present habitat types. Therefore, we obtained land cover data
(ATKIS) of the study area from the State Office for Surveying and Geobasisinformation Rhineland
Palatinate (2015)We calculated the area of habitat types (settlements, viniculture, grassland,
meadows, copse, forest and waterbodies) and length of roads in a 200 m wide strip between
breeding ponds. Since the vinicultural study area has, apart from of the ponds anduheiunding

areas, no mentionable hideout and hibernation options for amphibians, we limited our analysis of
the spatial configuration to the most direct migration routes for amphibians between ponds.
Assuming an average daily migration distance of 10Berger, Pfeffer & Kalettka, 2011), 200 m
wide strips take possible deviations from this average daily migration distance, resulting for example

from foraging, into account (see als@s et al., 2001Arens et al., 2007).

Positive habitat types like graasdd, meadows, copse, forest and waterbodies may increase the daily
migration distance of amphibians due to favorable migration conditions (such as food availability,
humidity and protection against predators). On the other hand, negative habitat types like
settlements and viniculture may decrease the daily migration distance due to unfavorable migration
conditions. In a weighted distance model, such positive and negative effects of habitat types on the
migration of amphibians between breeding ponds can lelrassed. We adapted a weighted
distance model (Vos et al., 200rens et al., 2007), which corrects the linear geographic distance
based on the negative and positive habitat types between breeding ponds. We introduced a habitat
correction factor into themodel (Table 2), since each habitat type may impact the genetic
differentiation with a different magnitude. For each habitat type, we calculated the corrected linear
geographic distance using the weighted distance model with a habitat correction faotor ffrto

100 in steps of 0.1. We selected the relevant habitat correction factor based on the higjluést|PF

as well as MPR and the corrected linear geographic distance. Afterwards, we used ISOLDE to analyze
isolation by distance for MPFs as well as M&Rthe corrected linear geographic distance with the
relevant habitat correction factor provided by the weighted distance model, for each habitat type
separately. Finally, we combined all habitats ($ebles 2and3) that showed statistically significan
isolation by distance in the individual weighted distance models into one weighted distance model

and analyzed isolation by distance for MPFs as well as MPRs using ISOLDE.

90



Chapter 3 Results

Table 2:0Overview of all weighted distance models.

Weighted distance models Description

Linear geographic distance (LGD) weighted for the fraction of negative area
RNAbeing the negative area relative to the total area (TA) in a strip of 200 m
between two pondsAdjusted with the habitat correction factor (HCF)
RNA=(NAHCHTA)/ TA

Linear geographic distance (LGD) weighted for the fraction of positive area
RPAbeing the positive area relative to the total area (TA) in a strip of 200 m
between two pondsAdjusted with the habitat correction factor (IFLC

RPA=T A/ {HBFATA)

LGD*RNA*RPA Combined weighted distance for positive and negative area.

LGD*RNA

LGD*RPA

Table 3: Results of isolation by distance for median pairvBSS(MPF) as well as median
pairwiseRSTMPR) and the linear geographic distance (LGD)ectad by the weighted distance

models with habitat correction factor (HCF).

. . MPFs MPRs
Weighted distance model HCF  pvalue R HCF  pvalue R
LGD*RNAiniculture 10.8 <0.001 0.327 07.3 0.008 0.159
LGD*RNAettlements 88.5 0.125 0.107 1.0 0.153 0.040
LGD*RPAorest 08.8 0.005 0.303 4.0 0.016 0.079
LGD*RPAyrassland 16.2 0.365 0.043 38.5 0.239 0.069
LGD*RPAneadows 116 0.165 0.302 10.3 0.092 0.140
LGD*RPAopse 1.0 0.288 0.031 1.0 0.143 0.040
LGD*RPAvaterbodies 97.0 0.316 0.038 1.0 0.137 0.041

Results

We detected deviation from HareiveinbergEquilibrium due to heterozygote deficits on two loci
(BFG082 and BFG129) over all populations. Forest populations showed higher values for number of
sampled alleles and allelidchness in comparisoto population viniculture (Table 1). Over all
populations, we detected linkage disequilibrium for 27 out of 45 loci pairsTabke S3). The highest
percentage of linkage disequilibrium was detected for the locus pair BFG66 & BFG90 (95%). Also, we
detected Inkage disequilibrium for loci pairs that are physically unlinked (i.e., located on different
chromosomesCano et al., 2011), for example BFG90 & BFG145 (86%), BFG90 & BFG160 (78%) and
BFG92 & BFG145 (68%).

STRUCTURE HARVESTER ideHKtifiédhs the mosimeaningful number of clusters in our data set

(seeFig. SandTable 4). FoK=4, we detected for the breeding pond populations P1, P2 and P4
separate clusters, whereas the remaining populations formed a joined cluster. With an
increasedK(K=5 toK=9), P1, P2 and P4 still formed individual clusters, while the rest of the

populations where assigned to the same cluster ugto7 (Fig. 2).
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Table 4:Expected and observed heterozygosity calculated with the repeated randomized selection of

genotypes (RRD approach over all loci for breeding pond populationsFAD.

PL P2 P3 P4 P5 P6 P7 P8 P9 P10

He 0.852 0.685 0.776 0.722 0.703 0.664 0.788 0.831 0.840 0.824
Ho 0.757 0.600 0.643 0.560 0.629 0.514 0.657 0.771 0.778 0.738

Table 5:Results of the repdad randomized selection of genotypes (RRSG) approach for the median
pairwiseFSTMPF) and median pairwis€STMPR).Populations 6 were located within vineyards,
populations #10 in the Palatinate Forest. Population 10 was about 40 km away from tleestaiy

area.

MPR
Pop. 1 2 3 4 5 6 7 8 9 10

— 0.1137 0.0104 0.0471 0.0022 0.0333 0.0518 0.0449 0.0826 0.1403
0.0987 — 0.0851 0.0854 0.0577 0.0866 0.0277 0.0221 0.0000 0.0607
0.0559 0.0523 — 0.0006 0.0000 0.0016 0.0005 0.0405 0.0333 0.0176
0.0802 0.0781 0.0372 — 0.0000 0.1027 0.0975 0.0471 0.0355 0.0872
0.0532 0.0519 0.0215 0.0457 — 0.0108 0.0536 0.0018 0.0260 0.0640
0.0672 0.0383 0.0224 0.0540 0.0268 — 0.0093 0.0537 0.0572 0.0607
0.0575 0.0387 0.0223 0.0479 0.0266 0.0012 — 0.0000 0.0000 0.0000
0.0574 0.0418 0.0179 0.0459 0.0191 0.0123 0.0064 — 0.0000 0.0451
0.0441 0.0339 0.0135 0.0410 0.0084 0.0075 0.0159 0.0041 — 0.01083
0.0687 0.0708 0.0328 0.0751 0.0434 0.0374 0.0409 0.0212 0.0265 -

MPF
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Pl P2 P3 P4 P5 P6 P7 P8 P9
Fig. 2:Bar plots of combined STRUCTURE analysis for cluste&sto K=9 of the investigatedr.
temporariabreeding pond populations in the study areaSTRUCTURE HARVES
identifiedK=4 as the most meaningful number of clusters. Each vertical bar represents
individual and the color composition visualizes the probability to belong to one of the K clu
defined by STRUCTURE. P10 was excluded from the analysis due to the different life stag
samples.
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With exception of P1H:=0.852), all pond populations lated in viniculture showed lower levels of
heterozygosity over all locHE=0.663-0.776) than populations located in the Palatinate Forest(P7
P10;H:=0.788-0.840;Table 4). MPFs ranged from 0.0012 to 0.0987 and MPRs from 0.0000 to
0.1403 (Table 5). Bhhighest MPF and MPR were estimated between P1 and P2 at a linear
geographic distance of 2.4 km (sEable S%or a matrix of all linear geographic distances). The
lowest MPF was found between P6 and P7 at a linear geographic distance of 7.9 km. On, averag
genetic differentiation between population pairs in viniculture (average MPF = 0.0523, average MPR
= 0.0425) was higher than between population pairs in forest or forest and viniculture, whereas
population pairs in the Palatinate Forest showed the lawdBFs and MPRs (average MPF = 0.0192,
average MPR = 0.0092). In general, genetic differentiation among breeding pond populations in
viniculture was comparatively high, despite close proximity of the breeding ponds (e.g., linear
geographic distance <1 krMPF = 0.0467; linear geographic distance <2.5 km: MPF = 0.0987 and
MPR = 0.1027), as opposed to breeding pond populations in the forest (linear geographic distances =
4.59.5 km; MPFs = 0.0064.0409 and MPRs = 0.06410648). Yet populations at breedingms

with a direct connection to the Palatinate Forest by permanent or seasonal streams exhibited lower
MPFs to forest pond populations (P3, P5 and P6) compared with agricultural pond populations not
connected to the forest (P1, P2 and P4; $able 5).

Ower all breeding pond populations, ISOLDE detected no statistically significant relation between
MPFs or MPRs and linear geographic distance, number of roads or accumulated traffic intensity
between population pairsp(>0.050). Isolation by distance wasatstically significant for MPFs of

the four forest populationsg=0.0320). However, when excluding the most distant population P10,

isolation by distance was no longer statistically significant.

When analyzing the linear geographic distances correctethe weighted distance model, isolation

by distance was statistically significarg-values < 0.050) for viniculture and forest (MPF and
MPR;Table 3). Corrected linear geographic distances of viniculture, forest and meadows showed an
explained variancefamore than 0.300 when correlated with MPF, whereas explained variance was
significantly lower when correlated with MPR (0.68959). Combining all distance corrections
(RuaVviniculture and Baforest, seeTables 2and3) that showed statistically sigrdéint isolation by
distance into one weighted distance model resulted in statistically significant isolation by distance for

MPF as well as MPB-alues < 0.005).
Discussion

We analyzed the genetic differentiation Bf temporariaof breeding pond populatins within
viniculture and the Palatinate Forest to investigate potential genetic population differentiation due

to agricultural land use. Our microsatellite data exhibited linkage disequilibrium for 27 of the 45 loci
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pairs. However, high percentages (up $5%) of linkage disequilibrium were also detected for
multiple loci pairs located on different chromosomes and for which linkage is thus unlikely.
Moreover, the linkage calculations were performed over the whole dataset as one metapopulation.
This couldhave additionally affected the linkage analyses due to the underlying population
structuring, since specific allele combinations might only occur in some fragmented populations, thus
inferring linked inheritage of respective loci. The vice versa assumtiah genetically linked loci
might have inferred the detected population fragmentation by structure as unreal signal in our data,
can be rejected, since our analyses for gene flow among all populations (MPFs andl idRS)

also suggested that the fgmented populations P1, P2 and P4 were more isolated compared to the
other populations. Thus, we evaluated the detected linkage disequilibrium as statistical artefact and

decided to use all ten loci for subsequent analyses.

Our analysis showed structuringthin the investigated breeding pond populations and highlighted
breeding pond populations P1, P2 and P4 (all located in viniculture) as isolated from the meta
population (Fig. 2). Moreover, our data exhibited higher genetic differentiation among breeding
pond populations in the agricultural landscape compared with breeding pond populations in the
Palatinate Forest (Table 5). We observed the highest genetic differentiation between breeding pond
populations in viniculture, which were only a few kilometepasd (e.g., P1 and P2 with a linear
geographic distance of less than 2.5 km: MPF = 0.0987 and MPR = 0.1137). The most distant forest
population P10 was responsible for a significant isolation by distance among the forest populations.
However the results ioP10 have to be treated with caution, since we mixed different life stages and
generations, which may introduce some bias (Peterman et al., 2016). Still, even when we exclude P10
from the data set, the genetic differentiation within the remaining forestpplations was lower

compared with viniculture populations.

Breeding pond populations in the agricultural landscape with a direct connection to the Palatinate
Forest by permanent or seasonal streams exhibited lower MPFs to forest pond populations
comparedwith agricultural pond populations not connected to the forest (Table 5), indicating the
importance of waterbodies including the adjacent riparian vegetation for the genetic connectivity in
amphibian breeding pond populations. In 2012, we observed the stomation ofRana
temporariaclutches at P8, which were intentionally moved into the nearby stream due to drought by
staff of the * Mo d-bymhbrseadnehr ThitHsiréarn is canneated dieatly to P3.
During major rain events, some of the dbes could have been flushed into the pond at P3.
Surviving amphibians could then have contributed to the following reproduction phases, resulting in
a one directional genetic exchange and explaining the rather low MPF value of 0.0179 between P3

and P8.
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Ou population genetic results were similar to the differentiation Re#na arvaligFst=0.06) in
Noord-Brabant, Netherlands, where landscape permeability was low due to farming intensity and
urbanization (Van der Sluis & Vos, 198ikns et al., 2007). Addnally, breeding sites in Noord
Brabant became polluted with agrochemicals (pesticides and fertilizers) as a result of intensive
agriculture (Hoogerwerf & Crombaghs, 1993). RotemporariaSafner et al. (201Xpund Fsrvalues
between 0.024 and 0.198® a human dominated landscape near Chambery, France, on a fine spatial
scale (<20 km). Negative effects of high agricultural intensity on the occurrence, abundance and
genetic diversity of amphibians on a regional and national scale were also foungeiralsether

studies (Johansson et al., 200%pchet et al., 2016Youngquist et al., 2016).

Our analyses in ISOLDE rejected isolation by distance based on roads and associated traffic intensity
as the sole explanation of the genetic differentiatiorRofemporarig although, an effect of roads on
amphibian population connectivity has been shown in other studies (Buskirk, Be&bgee,
2013;Krug & Prohl, 2013). However, the weighted distance model showed significant isolation by
distance for viniculture &d forest, indicating that these two habitat types are the most relevant
parameters to explain the structuring of breeding pond populations in the study area. Also, the
introduction of the habitat correction factor to the weighted distance model showed &pglying
habitat specific permeability can improve the detection of isolation by distance remarkably.
However, the habitat correction factor has to be interpreted in context with the explained variance
in the isolation by distance analyses, since a highitat correction factor not necessarily translates
into a high impact on population differentiation when explained variance is low (<0.1). With
exception of habitat type copse, introducing the habitat correction factor to the weighted distance
model did improve the explained variance of the corrected linear geographic distance, when
correlated with MPF. For MPR, settlements, copse and waterbodies did not benefit from the

introduction of the habitat correction factor.

Lenhardt et al. (2013)ssessed the gential fragmentation of breeding sites in the same study area
with a simplified expert based landscape permeability model. They predicted fragmentation, and
therefore a potential genetic differentiation, of agricultural breeding ponds in close proxiwiitgn
pesticide applications were considered as a migration limiting model factor. Our genetic data
presented here confirmed the predicted fragmentation of Pl from the other breeding pond
populations (MPFs from 0.0553 to 0.098&ble 5). However, the modeh Lenhardt et al.
(2013)overestimated the potential fragmentation of breeding sites in a number of cases, especially
when the breeding ponds in viniculture (e.g., P3 andHR§, 1) were directly connected to the
Palatinate Forest via permanent strearifius, permanent streams and their riparian vegetation may

serve as suitable migration or dispersal corridors within the agricultural landscape.
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In our study area, the intensification of viniculture started in the early 20th century. Particularly in
the last 50 to 80 years, the development of mechanical equipment and the broad availability of
pesticides have led to a further intensification and expansion of viniculture, leaving amphibian
species likd&kana temporariavith small fragmented breeding habitatsithin the agricultural
landscape. Nowadays, typical application scenarios in vineyards of Southern Palatinate consist of up
to 12 (on average 8) fungicide applications per year, within intervals of abeti4l@ays between

early May and mieAugust (RoRBberg2009;Lenhardt et al., 2013). During this period, amphibians are

in their terrestrial life stage and juvenile individuals migrate away from the spawning waters.
Furthermore, fungicide applications are often applied before or after rain events of mone3tmam
precipitation (Lenhardt et al., 2013). Such rain events may trigger amphibian migration and general
amphibian activity (Rothermel, 200Baldwin, Calhoun & DeMaynadier, 2006). Therefore, the spatial

and temporal overlap of amphibians and applieddiaides is very likely.

SinceR. temporaridbecomes sexually mature in the third (rarely second or first) year of life
(WestheideRieger, 2015), about-2® overlapping generations have passed since the intensification

of viniculture started. Due to the feywassed generations, overall population differentiation is still
moderate Fstbetween 0.05-0.15;Hartl & Clark, 200ANright, 1978) but may increase due to time

delay in genetic differentiation (Bossart & Pashley Prowell, 1998). Rlsuight already
underestimate the current genetic differentiation when polymorphic loci are used in highly
structured populations, sincess;sc an’ t di stingui sh between mutation
Moulin, 2002). The genetic differentiations identified by MPF esluwere supported by the

estimated MPR values (Table 5), which underlines a separation of breeding pond populations in the

study area.

Due to the temporal coincidence of amphibian activity and pesticide applications, negative effects on
meta-population dymmics could be expected in a viniculture landscape, if fungicides are generally of
high toxicity and exposure of amphibians is high. Also, pesticide applications were the most frequent
management measures in viniculture (up to 12 applications) and caaot affephibians not only on

the application day, like tillage operations, but up to several days after application, depending on the
chemical decomposition of pesticides. Recent studies and surveys confirmed the presence of
pesticides in amphibian habitatsnd waterbodies in general (Smalling et al., 20dRich et al.,
2015), as well as in amphibian tissues (Smalling et al., Za8lling et al., 201Battaglin et al.,
2016;Cusaac et al.,, 2016). Furthermore, pesticide concentrations in amphibian tiseees
positively correlated with agricultural and urban land around breeding sites (Battaglin et al., 2016).
Therefore, pesticides may be a major factor for the detected genetic differentiation within the

investigatedR. temporaridbreeding pond populationsyet we can only assume this impact and want
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to highlight the need of more detailed studies on the effects of pesticides on natural amphibian

populations, taking different life stages as well as different species into account.

We were not able to addresdifferences between organic and conventional viniculture, since
reference breeding sites with noteworthy portions of organic viniculture were not available in or
nearby the study area. Also, it is currently unclear if the use of copper and sulfur witamior
viniculture would actually improve the overall situation for amphibians (Mackie et al.,
2013;Milanovi, Comitini & Ciani, 2013).

In contrast to our and others findings, some studies observed no impact of agricultural land use on
the genetic differenfation of amphibians, although the investigated amphibian species were known
to forage in intensively managed agricultural areas (Le Lay et al., B@i%t al., 2016). Also, some
level of pesticide tolerance for amphibians from agricultural breedingdgmopulations was detected
(Hua, Morehouse & Relyea, 201;a et al., 2015). Yet such findings should not be generalized, since
tested taxa and pesticides were limited, and pesticides still may cause lethal or sublethal effects on

amphibians, depending ahe path of exposure, exposure level and amphibian life stage.

AlthoughR. temporarid s consi dered ‘not endangered’ in Ger
concerned’ in Europe (Temple & Cox, 20009) , amph
populations, especially in agricultural land, were rather small (one to ten clutches) and populations

with more than 150 clutches were generally rare (Schlipmann, Schulze & Meyer S200i#pmann

et al., 1996Wolfbeck, Laufer & Genthner, 2007). Consisteith these observations, amphibian

surveys in the study area counted between 1 and 60 clutches per breeding site durinrg2g@00{S

Bischoff, pers. comm., 201Table S6). We repeatedly counted ten or less clutches for all breeding

pond populations witn viniculture (P4P6) during our samplings from 2012 to 2014. Considering

the small size of breeding pond populations in viniculture, local extinction may occur when breeding

sites have a loose connectivity to surrounding terrestrial habitats (Safnér, @04.1).

Based on our results, we are concerned about the persistence of amphibians in agricultural areas,
since we can recognize negative trends on the genetic diversity and differentiation of breeding pond
populations. Typical visible barriers like dsawith associated amphibian road mortality could not
explain the genetic structuring of the breeding sites. Yet we could identify viniculture as a barrier for
genetic exchange. Since pesticide applications are the most frequent management measure in
viniaulture and pesticides can cause high mortalities in amphibians, pesticides may have a major
impact on amphibian dispersal and therefore on genetic exchange between breeding sites. Following
the precautionary principle it may be advisable to reduce or asdticide applications during

amphibian migration phases and to mitigate pesticide contamination of amphibian breeding ponds.
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We recommend further research on the impact of pesticides on amphibian individuals and

populations in agricultural landscapes.
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Supplemental Information

Appendix Figl:Aer i al photo of the core study area
of P1) and “Landau (in der Pfalz)” (south

traffic  infrastricture is  highlighted in orange (aerial photo from Bing Ma

http://www.bing.com/mapspreview).

500 0 500 1000 1500 2000 m

Appendix Fig. 2Close up aerial photo of landscape between breeding ponds P1 and P2 (2
apart) in the north of the core study area with median paievikt value. Relevant traffic

infrastructure is highlighted in orange  (aerial photo  from Bing Me

C

http://www.bing.com/mapspreview).
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Appendix Fig. 3Close up aerial photo of landscape between breeding ponds P5 and P6 (:
apart) with median pairwis Fstvalue. Relevant traffic infrastructure is highlighted in orange (a¢

photo from Bing Maps, http://www.bing.com/mapspreview).
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Appendix Fig. 4:Aer i al photo of the <core study a
WeinstrafBe)” &md Pfladzddu wiitrh &del ected med
Kaiserslautern. Relevant traffic infrastructure is highlighted in orange (aerial photo from Bing

http://www.bing.com/mapspreview).
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Appendix Table 10verview of all relevant roads the study area. Traffic intensity (vehicles per 24
hours) were obtained from the Ministry of the Inner, Sports and Infrastructure in Rhineland
Palatinate (marked with an asterisk; Iris Honrath, personal communication) or estimated based on

traffic intensty of nearby roads and geographical location

Road Type Traffic (in 24h) Road Type Traffic (in 24h)
A6 motorway 62674 * K15 secondary 1500
B 270 primary 14280 * K4 tertiary 1500
L 395 secondary 6000 L 505 secondary 1500
L 502 secondary 6000 L 507 secondary 1456 *
L 503 secondary 6259 * L 504 secondary 1217 *
L 369 secondary 6000 K 57 tertiary 1067 *
L 356 secondary 6000 K 40 secondary 1000
K 32 tertiary 3148 * K 38 tertiary 1000
K5 secondary 3000 K17 tertiary 1000
K 53 tertiary 3000 K18 tertiary 1000
K 50 tertiary 3000 K19 tertiary 1000
B 48 primary 2934 * K51 unclassified 1000
L 506 secondary 2836 * K 30 unclassified 931
L 514 secondary 2632 * K31 secondary 931
L 499 secondary 2549 * K6 tertiary 931 *
L 512 secondary 2500 K 58 tertiary 729 *
L 500 secondary 2000 K 59 tertiary 729
L 519 secondary 1955 * L 515 secondary 645 *
L 513 secondary 1553 * K78 unclassified 586
K 49 tertiary 1500 K 56 tertiary 586 *
K 55 tertiary 1500

Appendix Table 2Number of roads between population pairs and their accumulated traffic intensity

(vehicles in 24 hours on all roads between the pairs).

P1 P2 P3 P4 P5 P6 P7 P8 P9
P2 3
P3 7 6

€ ps 10 7 2

2 ps 9 8 4 2

g P6 10 9 5 3 1

2 P7 4 2 3 5 5 7

3 P8 6 3 4 7 5 5 1
P9 6 4 3 4 3 4 1 2
P10 14 15 15 18 15 15 15 12 12
P2 4645

P3 14192 12978

P4 17165 14089 2042

P5 16715 13730 5609 3567

P6 18268 15283 7162 5120 1553

P7 7277 3277 6267 8309 7019 10189
P8 9139 4208 6996 9767 8245 8731 931
P9 11044 7044 6065 7521 6247 7800 931 3767

accumulated traffic intensity

P10 122690 123467 119481 124252 115788 116341 121691 109886 109955
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Appendix Take 3:Linkage of loci pairs with RRSG approach. Percentage values indicate the relative
number of runs out of 100 000 calculations where linkage was detectedl(e less or equal to
0.05).

Linkage detected out of Linkage detected out of

Loci pair 100 000 calculations [%] Locipair 100 000 calculations [%]
BFG130 & BFG092 0.04 BFG130 & BFG066 0.00
BFG090 & BFG12¢ 0.72 BFG130 & BFG099 0.00
BFG090 & BFG14E 0.87 BFG130 & BFG151 0.00
BFG090 & BFG082 0.34 BFG130 & BFG160 0.00
BFG090 & BFG09¢ 0.00 BF®66 & BFG090 0.96
BFG090 & BFG16C 0.08 BFGO066 & BFG129 0.64
BFG145 & BFG12¢ 0.78 BFG066 & BFG145 0.18
BFG082 & BFG12¢ 0.40 BFG066 & BFG082 0.00
BFG082 & BFG14E 0.65 BFGO066 & BFG099 0.02
BFG082 & BFG09¢ 0.00 BFG066 & BFG151 0.00
BFG082 & BFG16C 0.01 BFGO066 & BFG160 0.04
BFG092 & BFG09C 0.74 BFGO099 & BFG129 0.05
BFG092 & BFG12¢ 0.70 BFG099 & BFG145 0.04
BFG092 & BFG14E 0.69 BFGO099 & BFG160 0.00
BFG092 & BFG08Z 0.42 BFG151 & BFG090 0.59
BFG092 & BFGO6€ 0.24 BFG151 & BFG129 0.57
BFG092 &FG099 0.00 BFG151 & BFG145 0.81
BFG092 & BFG151 0.74 BFG151 & BFG082 0.18
BFG092 & BFG16C 0.13 BFG151 & BFG099 0.22
BFG130 & BFG09C 0.00 BFG151 & BFG160 0.12
BFG130 & BFG12¢ 0.13 BFG160 & BFG129 0.59
BFG130 & BFG14& 0.19 BFG160 & BFG145 0.30
BFG130 & BFG082 0.02

Appendix Table 4Evanno table output from the Structure analyses, obtained through STRUCTURE
HARVESTER.

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln"(K)] Delta K

1 500 -33.277.386 431.840 NA NA NA
2 500 -32.915.598 495.511 36.178.800 12.029.200 0.242764
3 500 -32.674.102 562.733 24.149.600 30.581.800 0.543451
4 500 -32.738.424 864.383 -6.432.200 88.074.400 1.018.928
5 500 -33.683.490 1.393.570 -94.506.600 0.514200 0.003690
6 500 -34.633.698 1.728.867 -95.020.800 8.314.400 0.048092
7 500 -35.667.050 2.055.675 -103.335.200 3.897.000 0.018957
8 500 -36.661.432 3.099.213 -99.438.200 48.534.200 0.156602
9 500 -37.170.472 3.377.702 -50.904.000 NA NA
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Appendix Fig. 5Plot of delta K values from the Structua@alyses, obtained through STRUCTL
HARVESTER.

Appendix Table 5tinear geographical distance (LGD) in km between all population pairs.

P1 P2 P3 P4 P5 P6 P7 P8 P9
P2 2.394
P3 7.254  5.644
P4 8.334  6.834  1.220
£ b5 9.415 7553 2.335  1.926
s pe 10.303 8420 3.200 2614  0.890
O P7 5.979 3737 6.342 7.489  7.227  7.901
P8 9.689 7.306 5.662 6.250 4.849 5049  4.616
P9 14.992 12598 10526 10.728 8.890 8573  9.403  5.387
P10 44563 43.008 44.974 45732 44321 44346 39.639 39512 36.423

Appendix Table 6Clutch counts at the monitored amphibian breeding sites with presendgaog

temporariaduring breeding seasons 2011 to 2014 (na = not available).

Pop. 2011 2012 2013 2014
P1 8 7 7 0
P2 10 12 0 8
P3 9 11 8 0
P4 19 22 18 0
P5 7 8 0 0
P6 8 8 5 0
P7 26 32 27 24
P8 21 25 19 18
P9 > 100 > 100 > 100 > 100
P10 > 100 na na na
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Chapter 4 Abstract

Abstract

Amphibian populations are declining vidwide at alarming rates. Among the large variety of
contributing stressors, chemical pollutants like pesticides have been identified as a major factor for
this decline. Besides direct effects on aquatic and terrestrial amphibian stages, sublethal léf#ects
impairments in reproduction can affect a population. Therefore, we investigated the reproductive
capacity of common toad8(fo bufg in the pesticidéntensive viticultural landscape of Palatinate in
Southwest Germany along a pesticide gradientalsemifield study, we captured reproductively
active common toad pairs of five breeding ponds with different pesticide contamination level and
kept them in a net cage until spawning. Toads from more contaminated ponds showed an increased
fecundity (more ggs) but decreased fertilization rates (fewer hatching tadpoles) as well as lower
survival rates and reduced size in Gosner stage 25, suggesting that the higher exposed populations
suffer from longterm reproductive impairments. In combination with acutexicity effects, the
detected sublethal effects, which are mostly not addressed in the ecological risk assessment of

pesticides, pose a serious threat on amphibian populations in agricultural landscapes.
Keywords

Amphibians Semifield study,Fecundity Pgpulation decline Sublethal effects
Introduction

The latest IUCN reports suggest that 41% of all amphibian species are threateneQROCN
Besides habitat modification and destruction, intensive agriculture including the exposure to
chemical pollutantdike pesticides is one of the major factors for the global amphibian decline
(Collins and Storfe2003 Stuart et al2004). Several studies investigating the impact of intensive
agriculture on amphibians determined adverse effects on egg and tadpolthi{8albini et al2018),

adult body condition, and morphology (Bionda et2118 Hegde et al2019 Zhelev et al2017). One
reason for these effects can be the exposure of amphibians to pesticides, with which they can come
into contact during their whd life cycle. They can be exposed during the breeding phase and larval
development in their aquatic habitats due to spraft (Crossland et all982, run-off (Edwards et

al. 1980 and drainages (Brown and van BeinR@®9. Postmetamorphic, terrestriajuvenile and
adult amphibians can take up pesticides e.g., from contaminated soil (Storrs Ménde2@d%l.
during migration through the agricultural landscape (Leeb €2@20h Lenhardt et al2013). Despite

this chronic, biphasic exposure, the effedf chemical pollutants on amphibian declines is not well
understood (Grant et aR016). Most ecotoxicological laboratory studies on amphibians focus on
acute effects of pesticides that lead to direct mortality in aquatic or, more rarely studied, tealest

life stages (e.g., Bruhl et &013 Relye&004 2005. Besides these acute effects, chronic and
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sublethal effects due to impaired reproduction may also result in amphibian population declines.
Thus, there is not only a potential for rapid but alsagterm amphibian declines, either due to

impairment of adult breeding or deficient development of a progeny (Hayes 20408).

On the one hand, sublethal effects on reproduction can occur due to direct systemic toxicity. Effects
on molecular biomarkes like acetylcholine esterase activities (Hegde e2@19) and hematological
parameters (Zhelev et &018) as well as genotoxic and mutagenic effects (Gongalves 2618))

may have an impact on the reproductive capacity and thus on amphibian pamdatMoreover,
resources for the production of eggs may be limited and reproduction reduced due to resources
required for pesticide detoxification processes as shown for the woodlBoseellio scabeflJones

and Hopkinl998). Pesticides may also indirgcéffect amphibian reproduction by interfering with
their food supply (Sanché&ayo and Wyckhuy2019) or affecting their behavior and thus disturbing
their habitat use (Leeb et €020a), predation (Adams et &020), mating behavior (Schwendiman
and Popper2012) and population connectivity (Lenhardt et2017).

On the other hand, pesticides can also directly act on the hormonal pathways of developmental
processes as endocrine disrupting chemicals (EDCs), which alter the normal functioning of the
endacrine system leading to impaired reproduction mechanisms such as infertility or intersex
(Ujhegyi and Bokon020. EDCs have been found in amphibian breeding sites in agricultural
landscapes. Bokony et akR(Q18 detected 41 EDCs across amphibian pondshén agricultural
landscape of Hungary. Miller and Zithi@0{5 performed a monitoring of ten pesticides in small
water bodies used by amphibians in agricultural landscapes in North Germany and detected amongst
others the potential EDCs metazachlor andgiconazole. However, in general little information on
pesticide contamination is available on water bodies used by amphibians for spawning and larval
development, as most studies investigate pollution of groundwaters, river systems and lakes (Lorenz
et a. 2017), neglecting small, shallow water bodies that are especially important for amphibians
(Wells2007).

Studies on direct reproduction effects of pesticides on amphibians are considerably rare. One of the
few wellstudied pesticides with endocrine digitive properties is the insecticide atrazine that
shows severe effects on the reproduction of amphibians. Larvae of African clawed Xexgsp(is
laevig showed a decreased gonadal volume and germ cells (T-ddendoza et al20023 b) as well

as a trendto hermaphroditism (Hayes et &002b after exposure to atrazine. Further, atrazine
induced feminization of male leopard frogkithobates pipiensin nature (Hayes et &0023.
Pesticide mixtures containing atrazine also indirectly inhibit reprodecfunctioning, e.g., by
increasing stress hormone levels like corticosterone in axlulbevigHayes et al2006). This may

lead to further impacts including inhibition of sex hormones (Burmeister €208l1) and the
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alteration of reproductive developnm, breeding behavior and fertility (MoorE83. Other current

use pesticides with endocrine disruptive properties are for example dicarboxamides like the
viticultural fungicide vinclozolin (Kortekamp et2011). This fungicide has been shown to coniti

to shifted sex ratios, an inhibited maturation and reduced fecundity as well as fertility in fish (Lor et
al.2019. Although a few studies have explored endocrine disrupting effects of viticultural azole
fungicides like tebuconazole and penconazolg.(dv et al2017 Poulsen et aR015), they are not

yet considered as EDCs by the Pesticide Properties DataBase (PPBD, Agriculture and Environment
Research Unit of the University of Hertfordsh2@l3 and the PAN International List of Highly
HazardousPesticides (PAN List of HHPs; Pesticide Action Network Interna2iob@l Further
pesticides may have similar effects, however, the database on endocrine disruptive properties is too

small to allow for concrete conclusions.

Especially field data on swbhal reproduction endpoints are scarce because mainly laboratory
studies are used to investigate effects of pesticides on reproduction. Thereby, the most investigated
endpoint in field studies analyzing effects on reproduction is the incidence of inteirsexhich
individual’s gonads contain both female and male tissue (Ujhegyi and B2&&afy However, also

other endpoints like the number of laid eggs, fertilization rates or the development success of early
larvae can be used to evaluate effects of pades on the reproductive capacity. Bokony et 201Q
investigated the effects of EDCs on common to&igd bufg in agricultural and urbanized ponds in
Hungary and observed reduced developmental rates and lower body mass of the offspring compared

to natural ponds.

Investigations on pesticide effects on the reproduction of amphibians in viticultural landscapes do
not exist so far, although viticulture is one of the most pestigittensive cultures in Central Europe.

On average 9.5 pesticide applicatfowith a mixture of on average 1.6 formulations per application
are performed during March and August in vineyards (Ro3p@d§). Because of the combined
aquatic and terrestrial exposure of amphibians to viticultural pesticides;tiermy adverse effecten
reproduction are likely. To address this lack of knowledge, we investigated the reproductive capacity
of common toadsBufo bufg LINNAEUS 1758) in the viticultural landscape of Palatinate in Southwest
Germany along a pesticide gradient. We hypothesideat an increased chronic pesticide exposure
affects fecundity, fertilization rate as well as offspring survival and size. Common toads were used
since it is the most common amphibian species in Central Europe (Siller@@14land it occupies

a broa range of habitat types including agricultural landscapes like vineyards (Leel2@pGt.
Lenhardt et al2013. They are not yet considered endangered on an international as well as national

level (Agasyan et &2009 Kuhnel et al2009. However, ppulation declines have been observed on
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a local level (e.g., Beebee and Griffit@05 Bonardi et al2011; Kyek et al2017 Petrovan and
Schmidt2016).

Materials and methods

Study sites and exposure assessment

In spring 2019, we studied common toad pégdions from five ponds (pond-&, Tabld, Fig.1)

around Landau, one of the largest winegrowing areas in Southwest Germany. These ponds were
expected to represent a gradient of pesticide contamination due to their varying agricultural
surrounding. For Miation of the pesticide gradient, five water samples were collected of each pond
between April and May 2018 and analyzed for 47 different fungicides, six insecticides, three
herbicides, and two acaricides (Tall® by the Institute of Phytomedicine of he
Dienstleistungszentrum Landlicher Raum Rheinpfalz in Neustadt/Weinstral3e, Germany. The selection
of analyzed pesticides was based on spraying recommendations for vine from local authorities

(www.dlr.rlp.de).
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. Meadow
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Fig. 1:Map of study ponds in Palatinate Bouthwest Germany. Increasing letters and colors of study

sites represent the pesticide contamination from no contamination (eépden, pond A) to high
contamination (red, Pond E). Source: Basemap: DLM&GeoBasiDE / LVermGeoRP2020; di

de/by-2-0, www.Ilvermgeo.rlp.de [modified datal].
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Table 1:Locationsof study ponds, contamination level (sum of toxic units, STU, see Equation 2),
number of captured toad pairs and number of toad pairs that spawrahd letters indicate
increasing STW&ince no pestides were detected in pond A, its STU was calculated based on the use
of 1/10 of the minimum TU observed in the sites with detected concentrations (for rationale s.
Schéfer et al. 2011)

Number of toad pairs

Pond Coordinates (WGS84) STU
Captured Spawned
A 49.25475, 7.96182 -4.48 12 11
B 49.23830, 7.9900z -3.48 13 11
C 49.20329, 8.20917 -3.09 15 13
D 49.21830, 8.04944 -2.25 14 14
E 49.18898, 8.0370¢ -1.75 8 5

The pond pesticide toxicity was assessed using Toxic Units for each detected pesticie (Eq

withG= detected conceiatdl@fi onedofanpé et ihal deoncentr

mortality of test organisms).

45 — 1)

As LC50 values for amphibians are often lacking, data of acute fish toxicity studies compiled from the

PPDB (Agriculture and Environment Research Unit of the University of Hertfor28hBewere used

as proxy for amphibians (Weltje et @013. The sum of TU (STU, Bgwithn= number of det ¢

pesticides) was calculated to aggregate the toxicityhef detected pesticides (Table Schéfer et
al. 2011) by using the maximum detected sum of TU of each study pond. To allow the comparison to

sites without any detected pesticides, uncontaminated ponds were assigned to a TU of 1/10 of the

minimum TU obserd in the contaminated sites (Fernandez et24l15 |, l eading to a ST
for pond A.

3451 1TICAB 45 )

The detected pesticides were checked for endocrine disruptive properties using toxicity data from

the PPDB (Agriculture and Environmé&esearch Unit of the University of HertfordsH2@l3 and

the PAN List of HHPs (Pesticide Action Network Internat®id). Moreover, acute and chronic

regulatory acceptable concentrations (RACs) were calculated based on fish toxicity values from the
PPDB (LC50 and NOEC = No o0b34 Table]. As furicertainty conc e

factors, 100 was used for the acute and 10 for the chronic RAC as recommended for aquatic
organisms by EFS20(L3. The RACs were compared to the detected conmegions to estimate the

acute and chronic aquatic toxicity of the ponds.
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Yoy o — 3)

YO O —_— (4)

Moreover, the landscape composition around the study ponds was analyzed. Based on a vector
landsape model of RhinelarBalatinate (ATKIS DLMS50), the percentages of vineyards, other
agriculture, meadows, settlements, and forests were calculated. A radius of three kilometer was
chosen to analyze the landscape composition because this distance reflecésinual migrations
between hibernation as well as summer habitats and breeding pondB.fbufo(Glinther2009. To

estimate the terrestrial exposure, data of viticultural and other agricultural area was used.

Reproductive capacity analysis

We aimed tocapture ten or more reproductively active adult common toad pairs during their
spawning season between 9 and 28 March 2019 from each pond. After capturing, each pair was
housed in a net cage (80 x 65 x 60 drenhangerms t he r
spawning substrate. Due to the short spawning seasoB.djufoand the fact that not all pairs

spawned, it was not possible to investigate ten spawning pairs of each pond {Jabieally, we

captured 62 toad pairs from which eight pairsl chot spawn, 45 pairs spawned within 7 days and

nine pairs within 15 days after catchment. One day after spawning, the body mass of each toad was
measured (0.1 g) and the individuals were rel e:
ladalggs at once because the spawning praddFss is

and the pairs terminated the amplexus after oviposition.

As measures of each popul ation’s reproductive ca
offspring survival until the freeswimming Gosner Stage 25 (GS; God®é and offspring size

(tadpole length) at GS25. To determine the fecundity, the number of laid eggs per female was
counted. Because fecundity is known to increase with female size (BamksBeebed 986
Readingl986), we calculated the ratio of the amount of laid eggs and the body mass of the females

after spawning (eggs/g body mass). To estimate the fertilization rate and offspring survival,
approximately 90 eggs of each clutch were camed from three randomly chosen parts of the egg
string and kept individually in clear pl astic
Germany) filled with 1 L BB/)N Forevat dny injories(oDeggss on a
the handlingof the spawning strings was kept to a minimum. Thus, the number of eggs was not
identical for each sample. Because mold grew on the first three egg strings collected from pond C,

three samples of pond C could not be used to analyze the fertilization rateofispring survival. To
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prevent mold from growing on further eggs, eggs of one egg string were separated but still incubated
togethe r in one aquarium. The eggs were reared in
day:night light cycle until they reached GS25. The individuals were photographed daily. Three days
after spawning, notiertilized eggs that exhibited mold growing oreth or did not show embryonic
development were removed. Developing eggs were counted using Image J (Schneid20E2 db

calculate the fertilization rate. Fertilized eggs from one egg string hatched within a time difference of
maxi mum 24 hall tadpdddes reachech GS25{®D days), the proportion of embryos that

survived to this stage was counted to estimate the offspring survival. Moreover, the lengths of
twelve randomly selected tadpoles of each sample were determined to estimate the offspgings i z e s .

After recording the needed data, the tadpoles were released in their origin pond.

Statistical analyses

Statistical analyses were performed using R (version 3.5.2; R Core20&3mTo determine the
correlation of the aquatic and terrestrial expare, a Pearson’s correlation was performed. Kendall
Theil Sen Siegel ngrarametric regressions (S&968 Siegell982 Theill950 were performed to
check whether the investigated endpoints depend on the pesticide contamination of ponds (STU).

Moreover,Spear man’s rank correlations between the in

were computed (Spear man’  ,Hollandendtall®®Br r el ati on coef f

To check the assumption that fecundity is incre
was performed for the female body mass and the
correlations were performed to invegate the relationship between the pesticide contamination

(STU) and the female body mass, the number of laid eggs and the tadpole length in GS25, parental
body masses and the fertilization rate as well as the number of laid eggs per female and the
fertilization rate. To investigate a measure of population fitness, the product of the four investigated
reproductive endpoints was calculated and a am&y analysis of variance (ANOVA) was performed

to identify differences betmethednwastubed toidanifeand i gat e
remove outliers ranged above and be2iHwFortahe 1.5

statistical tests, the criterion for significance was setto= 0. 05 .
Results

Exposure assessment

The pesticide residue analgsievealed 22 different pesticides in total andlO different pesticides
per pond with a STU b e tlve8 meaning Ao aquatic eoxicily atalSTWdd ( T a |
-4.48 and high toxicity at a STU odthePANLGAsbaf Toxi

HHPs for the detected pesticides did not show any endocrine disruptive properties or the data base
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was insufficient to make a statement about endocrine disruptive properties. However, azole
fungicides which were shown to be potential EQKsrtekamp et al2011; Lv et al2017 Poulsen et

al.20195 were detected in the ponds. Penconazole was detected in ponds B, D and E (0.02
0.18 wpng/ L), tebuconazol-®. 08 pw/nd)s alnd Ddidredc &n:
(0.02 upg/L).

The comparisn of detected concentrations to RACs revealed a conspicuous toxicity of the chronic
exposure to the fungicides folpet and famoxadone and the acute exposure to famoxadone in pond E
(TableS2. The chronic RAC of folpet was 5.6 times lower than the detectagtentration in
sampling 2 (4.53 wung/ L), the chronic RAC of f amo
famoxadone was 1.4 times | ower than the detected

in an increased hazard of adverse effects.

The landscape composition analysis showed an increasing agriculturaldarfdom pond A to pond
E in a threeilometer radius around the study ponds ranging from 0 to 60% (T)blEhe Pearson
correlation revealed a statistically significant correlatlmetween the STU and the agricultural land
usep = 0.02, Ped.rB4o,n"acf = 3).

Table 2:Landscapecomposition in a radius of 3000 m around the study ponds based on a vector
landscape model of RhinelasRhblatinate (ATKIS DLM50)

Pond Viticulture [%)] Other agriculture [%] Meadow [%)] Settlement [%] Forest [%] Other [%]
A 0.0 0.0 5.1 1.3 92.9 0.6
B 0.1 1.1 19.2 5.6 72.1 1.9
C 0.3 31.4 19.6 155 28.5 4.8
D 47.5 1.1 7.9 11.6 29.8 2.2
E 57.0 3.1 6.1 10.1 225 1.3

Reproductive capacity

Neither the female body masss ((3532..406 ++ 164..71 gg)),, ntol
|l aid eggs per female (3243 £ E53FP)=24fF.f2e0ct0e D 9t h
p = Gnd56 p24,0. 10). The female body mass was pos
laideggs( = ®.<620.001) "and@Pi<h® .DTIY .( Moreover, t he of
length in GS25) was negatively correlated with the number of laid eggs per female

( = -W=3D, 03) .

KendaHTheil Sen Siegel regressions revealed a significant icfuehthe STU on all investigated
endpointsp < 0. 0®3, Tkl enean fecundity differed fron
showed a positive correlation with increasing STU £ ©®.<5 40 . 02ZA1TableFdi Ghe

fertilization rate, offspringsurvival and tadpole lengths showed mean decreases of 4.5%, 32.6% and
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10.7% with increasing STU (24D, TableS4. Negative correlations between the STU and the

fertilization rate ( = - =3 D, PBR the dffspmung survival' ( = -0 <@D [Fig2Q as
well as the offspring sizé ( = - <4 @, @D) Wvere obserged. The performed ANOVA did not

reveal any differences for population fitness between the study popds{ 0. 05) .
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Fig. 2:Dependence of fecundityy, fertilizationrate B), offspring survival until Gosner stage Z%
and offspring size in Gosner stage 23 on the pesticide contamination of breeding pon
(maximum sum of toxic units, STU). Fecundity was corrected for the body mass of the femals
spawning (egs/g body mass). For each pond, the means and standard deviations are pre:
(TableS4)

Discussion

Exposure assessment

Since pesticide contamination of ponds are often reported to correlate with the surrounding
agricultural landuse (BakeR006), it was assumed that the detected pesticide gradient also
represents the exposure during the prand postbreeding migration of the terrestrial amphibian

stages. The determined correlation of aquatic exposure and-lesgdconfirms this hypothesis.
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No general mtement can be drawn about the endocrine disruptive potential of the detected
pesticides because further research is needed on their potential to act as EDCs. Fheidied
endocrine disrupting herbicide atrazine was not detected in any of the studgigoprobably because

it is prohibited in Germany since 1991. However, since potentially endocrine disruptive pesticides like
the azole fungicides penconazole, tebuconazole and difenconazole were detected, similar endocrine
effects are likely. Furthermoreéhe ponds were only analyzed for active ingredients of pesticides. A
statement about the toxicity of product additives, which can have a high acute toxicity, endocrine
disruptive or reproductive toxic properties themselves or as metabolite (Mesnage and

Antoniou2017 Mullin et al.2016), cannot be made.

The comparison of detected concentrations to chronic RACs of folpet and famoxadone in pond E
reveals a high toxicity for aquatic vertebrates. Next to possible adverse effects because of single
pesticides, miture effects in ponds with up to 19 detected pesticides may contribute to higher
toxicities (Relye2009. Moreover, it cannot be excluded that even higher concentrations and

further pesticides were present in the ponds due to the limited number of wasenplingsrif = 5)

and analyzed pesticidea(= 58 target mol ecules). Since only o
in the present study, peak pesticide concentrations may be underestimated (Neumanr2@03l.

Especially folpet and famoxadone may begent at higher concentrations than detected because

they have very short di ssipation times in waterl

Agriculture and Environment Research Unit of the University of Hertford20i8).

Reproductive capacity

Toads of the highest contaminated pond E showed on average a 1.5 times higher fecundity than
toads of the uncontaminated pond A. In comparison to the present study, Békony 2048 did

not observe any effect on the fecundity of common toads in agricall ponds compared to natural
ponds. Because the female body mass correlated with the number of eggs and both of them
correlated with STU, the increased fecundity may be based on the higher female body masses in the
contaminated ponds. Guillot et aR@6) also observed larger and heavier common toads in French
agricultural habitats compared to uncontaminated forest habitats. The increased body sizes might
either suggest a potential adjustment during aging or some habitat specificities in the agricultura
landscape may enhance body size. For example, smaller population densities in agricultural
landscapes might decrease intrand/or interspecific competition leading to larger individuals
(Bishop et al1999 Guillot et al2016 Janin et al2011). Howe'er, there are multiple reasons that

may affect adult body size without an agricultural context such as climate, habitat geography, size at

metamorphosis, and availability of food resources.
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The fertilization rate was negatively affected with increasingtipele contamination of the ponds,
suggesting that the higher exposed populations suffer from d@mngn reproductive impairments.
There are several reasons that may have led to the observed decreased fertilization rate. Due to the
increased number of eggser female, the male fertilization success may be reduced. But also
behavioral impairments during mating could lead to decreased fertilization rates. Hayes2&18g (
observed a reduced success of amplexus in MMallmeviexposed to atrazine and thus lower
proportion of fertilized eggs for atrazine exposed males. Also endocrine disruptive properties of
pesticides may have led to this decrease for example due to impaired spermatogenesis which already
has been reported after the exposure of frogs teetherbicide atrazine. Hayes et aR0{09
observed a decreased frequency of testicular tubules with mature spermatozda laevis InX.
laevistadpoles a reduction in testicular volume during sexual differentiation of the testis was
observed (Taverdlendoza et al2002H. Another reason may be an effect on female sexual
development. Iavitro assays with eleven pesticides of Orton et 2009 revealed altered ovarian
steroidogenesis and reduced progesterone production. Pickford and M@OB@&3Y( invesigated the
effects of the insecticide methoxychlor on femaelaevisind detected an inhibition of oviposition

and maturation of oocytes. Moreover, the exposure to atrazine caused a reduction in the number of
germ cells in the ovary and an increase ahthged oocytes (TaveMendoza et al2002h. The

larval exposure oK. laevigo atrazine induced a reduction of testosterone levels in males (Hayes et

al. 20103 leading to a decrease of male reproductive success (Moore and H@Kifs

Decreasing suival rates and tadpole sizes were observed with increasing pesticide contamination.
Bokony et al. 2018 also observed reduced body masses of common toad larvae and juveniles in
agricultural landscapes in comparison to natural landscapes. Clearly, detreasdval of the
tadpoles directly leads to population declines. The reduced tadpole lengths could lead to further
impairments since body size is a critical determinant of individual fithess (2081B. Smaller
tadpoles sizes lead to reduced sizes atan®rphosis and thus to a decreased survivorship of the
first hibernation (Uveges et &016 and until maturity as well as delayed achievement of
reproductive size (Smith987). Reduced body size is also a disadvantage as adult for reproduction
becauseti affects female fecundity and male mating success (Banks and B&@BgeDavies and
Hallidayl1979 Reading et afl991).

On the one hand, reduced offspring size may be a-teng consequence of chronic pesticide
pollution over several generations. Trgemerational effects were observed in rats after the
exposure to EDCs as Anway et 2005 detected a decreased spermatogenic capacity in cell number
and viability as well as an increase of male infertility in four tested generations. Thuslifearly

exposure of parents can lead to impaired offspring viability. To verify the proposed reasons of
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reproduction impairments regarding endocrine disruptive effects, tissue analyses of e. g. thyroids
and gonads would be needed. However, the present study wagmesiand completed without any

lethal interferences and tissue withdrawals of the amphibian populations.

On the other hand, the reduced offspring size originating from highly contaminated ponds may be a
cost of an evolutionary adaptive resistance (Whitethed al.2012) or of detoxification processes of
contaminants (Rix et a2016). Similar effects have been observed for urban fish populations which
evolved tolerance to toxic pollutants (Meyer and Di Gigll®3 Whitehead et al2012. However,

their offspring showed reduced growth rates and were more susceptible to other stressors compared
with the offspring from a nostontaminated site (Meyer and Di GiuR003. Similar tradeoffs may

be responsible for the smaller tadpoles of the more contaminateddsordult toads of these ponds

may invest more resources into the production of egg jelly coat material to provide a better
protection against pesticides. These resources may have in turn not be invested into larger ova
(Podolsky2004) which may have ledbtsmaller tadpoles such as determined by Kaplk88(. The

higher egg production in contaminated ponds may be discussed as an adaptation to increase fitness
by counterbalancing negative pesticide effects on embryo and tadpole development by an increased

egg number.

Although amphibians are especially affected by pesticides due to their biphasic lifecycle, they are not
yet considered in the environmental risk assessment of pesticides in the EU (Ocklefor@O4i8al.

Our data support the suggestion of inhdry effects of currertuse pesticides on the reproductive
capacity of amphibians, potentially contributing to population declines. Thus, not only acute effects
should be investigated in ecotoxicological amphibian studies but also sublethal effects on
reproduction on a population level. Since data involving field scenarios analyzing the effects of
multiple pesticides on amphibian reproduction are considerably rare, our results are of significant

importance for amphibian conservation in agricultural langtesa
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Supporting information

Table Sl:Investigatedtarget pesticides of the aquatic residual analysis. In ltet@ different

fungicides, six insecticides, three herbicides and two acaricides were investigated.

Fungicides Insecticides Herbicides Acaricides

Amisulbrom
Azoxystrobin
BenalaxyM
Benthivalicarb
Boscalid
Captan
Cyazofamid
Cyflufenamid
Cyprodinil
Dichldluanid
Difenoconazole
Dimethomorph
Epoxiconazole
Famoxadone
Fenarimol
Fenhexamid
Fenpropimorph
Fenpyrazamine
Folpet
Fludioxonil

Fluopicolide
P Chlorpyrifosmethyl
Fluopyram .
: Dimethoate .
Fluguinconazole Atrazine -
. Indoxacarb Spirodiclofen
Iprodion

Carfent thyl
. Methidathion .ar en. razonesty Tebufenpyrad
Iprovalicarb Simazine

. Parathionethyl

Kresoximmethyl .
Parathionmethyl

Metalaxyl M
Metrafenone
Myclobutanil
Penconazole
Prochloraz
Procymidon
Propinconazole
Proquinazid
Pyraclostrobin
Pyrifenox
Pyrimethanil
Quinoxyfen
Spiroxamin
Tebuconazole
Tetraconazole
Tolylfluanid
Triadimefon
Triadimenol
Trifloxystrobin
Vinclozolin
Zoxamide
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Table S2Detectedpesticide concentrations in the aquatic residual analysis of each study pond and
respective risk assessment parameters. In tofige samplings were performed (06.04.2018,
19.04.2018, 03.05.2018, 10.05.2018rain event, 24.05.2018). Pond letters indicate increasing
pesticide contamination (based on the sum of toxic uniix}. = Detected concentration; NOEC = No
observed effect corentration (chronic toxicity) for fish and LC50 = Median lethal concentration
causing 50% mortality of fish (acute toxicity) were extracted from the Pesticide Properties Database
(Agriculture and Environment Unit of the University of Hertfordshire 2018EGRAC = Regulatory
acceptable concentration based on the NOEC values, which are divided by the assessment factor for
chronic studies (10); LCBAC = Regulatory acceptable concentration based on the LC50 values,
which are divided by the assessment factor acute studies (100). Detected concentrations were
divided by calculated RAC values. A result > 1 (highlighted in bold) reveals a possible hazard for

aguatic organisms.

DC NOEC NOEERAC DC/NOEE€ LC50 LGORAC DC/LC50

sampling Pesticide Wgl) (o) (o)  RAC  (ugll)  (ugl) RAC

Pond A

1-5 - - - - - - - -

Pond B

1 Boscalid 0.09 125 12.5 0.0072 2700 27 0.0033
Fludioxonil 0.04 40 4 0.0100 230 2.3 0.0174
Dimethoate 0.03 400 40 0.0008 30200 302 0.0001

2 Boscalid 0.02 125 12.5 0.0016 2700 27 0.0007
Zoxamide 0.03 4 0.4 0.0750 160 1.6 0.0188

3 Dimethoate 0.03 400 40 0.0008 30200 302 0.0001
Fludioxonil 0.06 40 4 0.0150 230 0.23 0.26
Myclobutanil 0.14 200 20 0.0070 2000 2 0.07
Dimethoate 0.02 400 40 0.0005 30200 30.2 0.0007

5 Boscalid 0.02 125 12.5 0.0016 2700 27 0.0007
Fludioxonil 0.07 40 4 0.0175 230 2.3 0.0304
Penconazole 0.02 360 36 0.0006 1130 11.3 0.0018

Pond C

1 Azoxystrobin 0.04 147 14.7 0.0027 470 4.7 0.0085
Difenconazole 0.02 23 2.3 0.0087 1100 11 0.0018
Fludioxonil 0.07 40 4 0.0175 230 2.3 0.0304
Iprovalicarb 0.28 9890 989 0.0003 22700 227 0.0012
Metalaxyl M 0.08 9100 910 0.0001 27000 270 0.0003
Myclobutanil 0.03 200 20 0.0015 2000 20 0.0015
Dimethoate 0.05 400 40 0.0013 30200 302 0.0002

2 Azoxystrobin 0.03 147 14.7 0.0020 470 4.7 0.0064
Fluopyram 0.02 135 13.5 0.0015 42900 429 0.0000
Zoxamide 0.12 4 0.4 0.3000 160 1.6 0.0750

3 Folpet 0.33 8.1 0.81 0.4074 680 6.8 0.0485
Iprovalicarb 0.09 9890 989 0.0001 22700 227 0.0004

4 Azoxystrobin 0.02 147 14.7 0.0014 470 4.7 0.0043
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Fludioxonil 0.05 40 4 0.0125 230 2.3 0.0217
Iprovalicarb 0.11 9890 989 0.0001 22700 227 0.0005
Myclobutanil 0.04 200 20 0.0020 2000 20 0.0020
Pyrimethanil 0.02 1600 160 0.0001 10560 105.6 0.0002
Dimethoate 0.03 400 40 0.0008 30200 302 0.0001
5 Cyflufenamid 0.02 24 2.4 0.0083 1040 10.4 0.0019
Folpet 0.22 8.1 0.81 0.2716 680 6.8 0.0324
Fludioxonil 0.07 40 4 0.0175 230 2.3 0.0304
Iprovalicarb 0.11 9890 989 0.0001 22700 227 0.0005
Metrafenone 0.10 228 22.8 0.0044 820 8.2 0.0122
Myclobutanil 0.10 200 20 0.0050 2000 20 0.0050
Tebuconazole 0.07 10 1 0.0700 4400 44 0.0016
Chlorpyrifosmethyl 0.02 5 0.5 0.0400 410 4.1 0.0049
Dimethoate 0.04 400 40 0.0010 30200 302 0.0001
Pond D
1 Dimethomorph 0.06 56 5.6 0.0107 6100 61 0.0010
Famoxadone 0.06 14 0.14 0.4286 11 0.11 0.5455
Iprovalicarb 0.44 9890 989 0.0004 22700 227 0.0019
Metalaxyl M 0.08 9100 910 0.0001 27000 270 0.0003
Myclobutanil 0.22 200 20 0.0110 2000 20 0.0110
Dimethoate 0.03 400 40 0.0008 30200 302 0.0001
2 Bogalid 0.04 125 12.5 0.0032 2700 27 0.0015
Fluopicolide 0.04 155 15.5 0.0026 360 3.6 0.0111
Zoxamide 0.04 4 0.4 0.1000 160 1.6 0.0250
3 Dimethoate 0.03 400 40 0.0008 30200 302 0.0001
4 Boscalid 0.02 125 12.5 0.0016 2700 27 0.0007
Cyflufenamid 0.02 24 2.4 0.0083 1040 10.4 0.0019
Fludioxonil 0.19 40 4 0.0475 230 2.3 0.0826
Fluopyram 0.17 135 13.5 0.0126 42900 429 0.0004
Iprovalicarb 0.12 9890 989 0.0001 22700 227 0.0005
Myclobutanil 0.06 200 20 0.0030 2000 20 0.0030
Penconazole 0.18 360 36 0.0050 1130 11.3 0.0159
Pyrimethanil 0.04 1600 160 0.0003 10560 105.6 0.0004
Tebuconazole 0.08 10 1 0.0800 4400 44 0.0018
Chlorpyrifosmethyl 0.02 5 0.5 0.0400 410 4.1 0.0049
Dimethoate 0.08 400 40 0.0020 30200 302 0.0003
5 Famoxadone 0.05 14 0.14 0.3571 11 0.11 0.4545
Fludioxonil 0.06 40 4 0.0150 230 2.3 0.0261
Iprovalicarb 0.112 9890 989 0.0001 22700 227 0.0005
Myclobutanil 0.03 200 20 0.0015 2000 20 0.0015
Dimethoate 0.03 400 40 0.0008 30200 302 0.0001
Pond E
1 Azoxystrobin 0.07 147 14.7 0.0048 470 4.7 0.0149
Boscalid 0.27 125 12.5 0.0216 2700 27 0.0100
Fludioxonil 0.07 40 4 0.0175 230 2.3 0.0304
Fluopicolide 0.04 155 15.5 0.0026 360 3.6 0.0111
Fluopyram 0.21 135 13.5 0.0156 42900 429 0.0005
Iprovalicarb 0.12 9890 989 0.0001 22700 227 0.0005
Metrafenone 0.21 228 22.8 0.0092 820 8.2 0.0256
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Tetraconazol 0.02 300 30 0.0007 4400 44 0.0005
2 Boscalid 0.02 125 12.5 0.0016 2700 27 0.0007
Dimethomorph 0.1 56 5.6 0.0179 6100 61 0.0016
Folpet 4.53 8.1 0.81 5.5926 680 6.8 0.6662
Fluopicolide 0.04 155 15.5 0.0026 360 3.6 0.0111
Fluopyram 0.13 135 13.5 0.0096 42900 429 0.0003
Iprovalicarb 3.05 9890 989 0.0031 22700 227 0.0134
Kresoximmethyl 0.22 13 1.3 0.1692 190 1.9 0.1158
Metrafenone 0.05 228 22.8 0.0022 820 8.2 0.0061
Myclobutanil 0.73 200 20 0.0365 2000 20 0.0365
Penconazole 0.03 360 36 0.0008 1130 11.3 0.0027
Pyrimethanil 0.03 1600 160 0.0002 10560 105.6 0.0003
Zoxamide 0.14 4 0.4 0.3500 160 1.6 0.0875
Dimethoate 0.06 400 40 0.0015 30200 302 0.0002
3 Folpet 0.58 8.1 0.81 0.7160 680 6.8 0.0853
Fludioxonil 0.07 40 4 0.0175 230 2.3 0.0304
Fluopyram 0.20 135 13.5 0.0148 42900 429 0.0005
Dimethoate 0.02 400 40 0.0005 30200 302 0.0001
4 Boscalid 0.15 125 12.5 0.0120 2700 27 0.0056
Folpet 0.20 8.1 0.81 0.24® 680 6.8 0.0294
Fludioxonil 0.22 40 4 0.0550 230 2.3 0.0957
Fluopyram 0.18 135 13.5 0.0133 42900 429 0.0004
Iprovalicarb 0.11 9890 989 0.0001 22700 227 0.0005
Myclobutanil 0.03 200 20 0.0015 2000 20 0.0015
Chlorpyrifosmethyl 0.02 5 0.5 0.0400 410 4.1 0.0049
Dimethoate 0.03 400 40 0.0008 30200 302 0.0001
5 Boscalid 0.26 125 12.5 0.0208 2700 27 0.0096
Famoxadone 0.15 14 0.14 1.0714 11 0.11 1.3636
Folpet 0.73 8.1 0.81 0.9012 680 6.8 0.1074
Fludioxonil 0.25 40 4 0.0625 230 2.3 0.1087
Flwpicolide 0.53 155 15.5 0.0342 360 3.6 0.1472
Fluopyram 0.23 135 13.5 0.0170 42900 429 0.0005
Iprovalicarb 0.36 9890 989 0.0004 22700 227 0.0016
Metalaxyl M 0.24 9100 910 0.0003 27000 270 0.0009
Metrafenone 0.3 228 22.8 0.0132 820 8.2 0.0366
Myclobutanil 0.24 200 20 0.0120 2000 20 0.0120
Tebuconazole 0.05 10 1 0.0500 4400 44 0.0011
Zoxamide 0.02 4 0.4 0.0500 160 1.6 0.0125
Chlorpyrifosmethyl 0.02 5 0.5 0.0400 410 4.1 0.0049

Table S3Results of the Kendallheil Sen Siegel regression mbteidentify whether the pesticide

contamination of ponds (sum of toxic units, STU) affects the investigated reproduction endpoints.

Coefficient Estimate df p
Fecundity STU 13.52 50 <0.001
Fertilization rate STU -0.24 46 <0.001
Offspring survival STU -3.93 46 <0.001
Offspring fithess STU -0.04 48 <0.001
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Table S4 Determined median, mean and standard deviation for the investigated reproductive

endpoints and ponds.

Endpoint Pond Median Mean Standard deviation
Fecundity (eggs/g) A 46 49 11
B 55 54 11
C 68 70 11
D 71 69 23
E 81 74 30
Fertilization rate (%) A 99.2 98.9 0.9
B 97.8 98.96 3.6
C 99.7 100.0 0.5
D 94.5 96.1 7.1
E 92.0 94.4 8.5
Offspring survival (%) A 97.0 98.9 4.1
B 92.9 93.3 4.8
C 94.7 95.0 4.2
D 88.9 92.1 8.9
E 54.2 66.3 36.0
Tadpole length (mm) A 12.5 12.4 0.5
B 11.8 11.8 0.5
C 11.4 11.3 0.4
D 11.8 11.7 0.8
E 11.3 11.2 0.4
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Chapter 5 Abstract

Abstract

Ponds in agricultural landscapes are often used by amphibians as breeding habitat. However, the
characteristics of agricultural ponds and especially the surrounding area are usudllyo she
subopti mal for many amphibian species. Using
and reproduction, but can have negative consequences at the individual and population level. In the
present study, we investigated Palmate Newiséotiton helveticu} populations from an intensive
wine-growing region in southern Germany and compared them with populations located in a nearby
forested area in terms of biometric traits, age and genetic structure. By analyzing over 900 adult
newts from 11ponds, we could show that newts reproducing in forest ponds were larger than newts
reproducing in agricultural ponds. We did not find differences in the newt age and growth rate
between habitat types. Therefore, differences in the body size of newts naighady existed in
larvae and/or juveniles, what might be related to a lower habitat quality for larvae and/or juveniles in
the agricultural landscape. Body mass, body condition and sexual dimorphic traits (length of the
caudal filament and max. height tife tail) correlated with body size, but no additional effect of the
habitat type was found. The analysis of microsatellites revealed a higher genetic diversity in forest
ponds. However, no clear sign of inbreeding was observed in any agricultural popuatggesting
some degree of gene flow between them. We conclude, that agricultural ponds can be suitable
habitats for the Palmate Newt and that conservation effort should aim to preserve them. The
observed effects on body size indicate the need to ineeethe quality of the aquatic and terrestrial

habitat for early life stages of this newt species in agricultural landscapes.
Keywords

Amphibia, Caudata, body size, caomer effect, microsatellites, sexual dimorphic traits,

skeletochronology
Introduction

Agriculture is the dominant landse in large parts of Europe (Eurostat 2020), whereby increasing
industrialization and therefore intensification could be observed over the last decades. Intensive
agriculture is named as one of the main drivers of theenirbiodiversity crisis (Dudley & Alexander
2017, Marques et al. 2019). Still, some landscape structures within the agricultural landscape can
serve as habitat for several species. One example is constructed ponds (e.g. for rain retention) which
can be breding habitats of amphibians (Knutson et al. 2004, Lenhardt et al. 2013, Rannap et al.
2020), one of the most endangered taxonomic groups of vertebrates (IUCN 2021). Most temperate
amphibians rely not only on an appropriate aquatic, but also on a suitablestrial habitat where

they spend most of their lifetime. Thus, amphibians reproducing in agricultural ponds can often be
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found directly within agricultural fields during their pdsteeding migration (Kovar et al. 2009, Gert
Berger et al. 2013, Salazsral. 2016, Leeb et al. 2020a).

Both, the aquatic and terrestrial amphibian habitat, are expected to have a lower quality in intensive
agricultures (i.e. crops like wheat or vine) compared to more natural areas. As intensive agriculture is
linked to hidn pesticide and fertilizer use most agricultural soils are contaminated with agrochemicals
(Hvézdova et al. 2018,-difs(Crossland et &l. 1982),. noffAEdwedds et Du e
al. 1980), and drainages (Brown & van Beinum 2009) pds$icilso contaminate the aquatic habitat

of amphibians (Bokony et al. 2018, Adams et al. 2021). Pesticides and fertilizer can have negative
effects on amphibians (Mann et al. 2009, Brihl et al. 2011). Besides these also other agricultural
management practies like mowing of grass or mechanical tillage, can be an additional threat for
amphibians (Pfeffer et al. 2011, Schuler et al. 2013, Leeb et al. 2020a). Further, the trophic resources
for amphibians might be reduced in intensive agriculture, a circumst&nown for birds (Wilson et

al. 1999, Benton et al. 2002) or bats (Wickramasinghe et al. 2004, Put et al. 2018). Additionally,
intensive agriculture often consists of lestructured monoculture what might not only indicates the
absence of important struares like hiding places or hibernation sites, but also contributes to the

fragmentation of the landscape and isolation @inacrop habitats (Landis 2017).

A low habitat quality can have negative consequences at the individual level, including decreased
body mass of larvae and juveniles (Gray & Smith. 2005, Békony et al. 2018), reduced body condition
of adults (Brodeur et al. 2011) or reduced reproduction success (Adams et al. 2021). As a result, also
effects at the population level (such as demographiaicttre; Bionda et al. 2018) or meta
population level (such as reduced gene flow between populations in agricultures; Lenhardt et al.
2017, Costanzi et al. 2018) are possible. However, in highly altered landscapes like agricultures,
ponds can be regarded atepping stone habitats between more favourable areas, as shown for
example for dragonflies (Simaika et al. 2016). In some cases these artificial ponds are even
considered of having the same value for amphibians as more natural habitats (Orchard dt%l. 20
The importance of remaining agricultural ponds is enhanced in light of the observed pond loss during
the last decades. For example, 57% of ponds disappeared between 1975 and 2006 in an agricultural
landscape in northern France (Curado et al. 2011yusTkhere is an open debate on the role of
agricultural ponds for amphibian populations. Additional investigations on how intensive agriculture

might shape amphibian populations are vital for conservati@asures.

In the present study, we assessed theueabf agricultural ponds for amphibians by focusing on
populations of the Palmate Newt,issotriton helveticuRazoumowsky, 1789) from an intensive
wine-growing region in southwestern Germany. We compared biometric traits as well as

demographic and genetipopulation structure between populations from ponds in the agricultural
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landscape and the forest. The Palmate Newt is a small semiaquatic newt that is common in western
Europe (Least Concern by the IUCN (Arntzen et al. 2009) and the red list Germéiipn{Sch &

Grosse 2020)). Although it can be found in a variety of habitats, including agricultural landscapes
(Secondi et al. 2007, Lenhardt et al. 2013, Trochet et al. 2016), its presence is often linked to forests
(Denoél & Lehmann 2006, Schlipmann 200&nenti et al. 2013). Johanet et al. (2009) even showed

a positivecorrelation between body size of Palmate Newts and forest cover in the surroundings of a

pond. Assuming that in our study area forests represent better habitatt.fhelveticuswe expet

newts reproducing in forest ponds (hereafter *“f
condition and more pronounced sexual dimorphic traits than newts reproducing in agricultural ponds
(hereafter “agricul tur e Izethdt agticulture Medtd havei aclawarl | vy ,
annual survival and thus a shifted demographic structure. Finally, we expect that these
morphological and demographic effects would, together with an assumed reduced gene flow
between populations in the agriculturidndscape (Lenhardt et al. 2017), be reflected in the genetic

structure of the populations, with populations in forest ponds having a higher genetic diversity and

lower degree of inbreeding.
Material and methods

Study area and pond characterization

The stuly was conducted between Landau in der Pfalz and Neustadt an der Weinstral3e (RRineland
Palatinate, Germany) in an area of about 20 x 16 km. The eastern part of the study area is dominated
by vineyards, while the Palatine forest (part of the Palatinate $te¥erth Vosges Biosphere
Reserve) is located in the western part (Fig. 1). In both parts several ponds are located for which the
occurring amphibian species had been mapped during the last years (see e.g. Lenhardt et al. 2013).
For the present study we lted 11 ponds inhabited bly. helveticusand, based on their location,
classified them a priori (pond type) as forest (n = 6) or agricultural pond (n = 5; Fig. 1). Most
agricultural ponds were constructed for rain retention and are within or next toyargs. To
characterize each pond, we measured pH and conductivity (uS/cm; both water parameters measured
with the multiparameter instrumenMulti 340i, WTWW, Germany) and visually estimated the
percentage of the pond’' s aondrmeApri2018eWedudhemvanatysed s u b me
the land use in a radius of 400 m around each pond, a distance that is within the migration capacity
of L. helveticugJoly et al. 2001) and that has been used in comparable studies about this species
(Johanet et al. @09). Based on a vector landscape model of RhineRaidtinate (ATKIS DLM50) the
percentage of forests (including groves), agriculture (without meadows), meadows and settlements
(including industrial areas) as well as the length of the street networld(vath solid surface) was
calculated around each pond.
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Fig.1: Map of study area with all sampled forest (n = 6) and agricultural ponds (n = 5).

Newt sampling and biometric measurements

Between 26 March and 13 April 2018 all penwere visited three times to capture newts with dip

nets for biometric analysis. The average time between two sampling events of the same pond was
6.2 days. Three ponds were also sampled at the end of May to assess if the phenology of newts (e.qg.
causedby different microclimatic conditions at a pond) influences sexual dimorphic traits. Adult
newts were captured and were transported to a facility of the University Kollandau (average
distance to the ponds = 9.6 km). Newts were kept in groups of dpuwoindividuals in 20 L aquaria

filled with tap water for about 24 hours to allow defecation and thus to minimize the influence of
recently consumed prey on the measurements. During this time, newts were not fed. Newts were
sexed, weighed to the nearest@1 g (CP153 analytical balances, Sartorius, Germany) and lateral
and dorsal photos were taken in small phetquaria. Based on a reference scale on each photo the
shoutvent length (SVL) was measured in ImageJ (Schneider et al. 2012). SVL and the d®0dy ma
were used to calculate the scaled mass index (SMI; Peig & Green 2009) as indicator of body condition
separately for males and females. For males, the length of the caudal filament (CF) and the maximum
height of the tail (T) were measured. Biometric d&tam all three samplings were pooled, because
there were only a few days between two samplings of the same pond and we expected biometric

changes to be negligible. Newts from the first and second sampling event were marked by clipping of
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the longest finge of the left front limp with a sharp surgical scissor to avoid multiple sampling of
individuals. Finger clips were stored in 70% alcoheR@tC and used for age determination (bones)

and genetic analysis (tissue). At latest 48 h after capturing, neetts released at their capture site.

The handling of Pal mat e Ne wtnd GanehmigurgpdpektionvSiid by |
Referat42-Ober e Naturschutzbehodérde” (Neustadt an der
42/553-254—-456/16, 42/553252/ 456(17) and 42/55254/ 45618).

Genetic analysis

For genetic analysis we used tissue (finger clips) taken between 2016 and 2018. Genomic DNA was
extracted using the high salt DNA extraction method (Aljanabi 1997). Nine microsatellite loci
(Drechsler et aR013) were amplified in two multiplexed polymerase chain reactions (PCR 1: loci Lh7,
Lh13, Lh14, Lh44 and Us9; PCR 2: Lh9, Lh16, Lh17 and Lh19) using-thMi€ypeatellite PCR Kit
(QIAGEN). Fluorescence labelled PCR products were measured in alDEEg@0encer (Beckman
Coulter) and peaks were scored using GeneMarker V1.95 (SoftGenetics). During scoring we noticed
that there is a mistake in Drechsler et al. (2013) as the described primer sequences of Lh9 and Lh17
are identical and are consequently phfying the same region in the genome. Thus, we combined

the scoring results of Lh9 and Lh17 (in the following locus Lh9/17). Checking the microsatellite data
for null-alleles and scoring errors with Micfohecker 2.2.3 (Van Oosterhout et al. 2004) resgtahe
presence of null alleles in several populations. As null alleles can bias standard population genetic
parameters (Chapuis & Estoup 2007), we excluded the loci Lh13, Lh14 and Lh9/17 from our genetic
analysis, reducing the effective number of loci fise. We used GENEPOP 4.6 (Rousset 2008;

implementedinthe P ac kage genepop”) to test for Ilinkage
loci over all populations. For each population, the observed and expected heterozyggsityd(H),
the allelic rchness (AR; calculated using 1,008aeples) and the inbreeding coefficient(Mith its
95% confidence interval (1,000 bootstrap iteratdi
theRpackage “diveRsity” (KednamBasti cadl wa20h3ps0 Tise

population and Loci for HarelVeinberg equilibrium (HWE).

Age determination

For age determination fingers from newts of two forest and two agricultural ponds were used (Table
1). Skeletochronological age determinatiapldwed standard laboratory protocols (Sinsch 2015).
Samples were embedded in Histord$i{JUNG) and stained with 0.5% cresylviolet (Sinsch et al.
2018). The midsection of the bone (diaphysis) was esestioned at 12 pum using a JUNG RM2055
rotation miciotome. Cross sections were examined under a light microscope (OLYMPUS BX 50) for
the presence of growth marks at magnifications of 400x. We distinguished strongly stained lines of
arrested growth (LAGSs) in the periosteal bone, separated by faintly stdreamtd growth zones
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(Sinsch et al. 2007). We selected diaphysis sections in which the size of the medullar cavity was at its
minimum and that of periosteal bone at its maximum. The number of LAGs was assessed

independently by two authors (FB, US) to estienage.

Table 1:Number of Palmate Newts per pond used in the study. The effective number of individuals
used in the analysis is lower as some parameters could not be measured. Age determination failed in

eight individuals.

Number irdividuals used for

PondID Classification genetic biometric analysis skeletochronology
analysis Males Females Males May| Males Females

PO1 Forest 20 35 46 -

P02 Forest 18 49 31 - - -

P03 Forest 23 45 36 11 20 18

P04 Forest 19 30 36 - - -

P05 Forest 20 41 24 26 20 15

P06 Forest 18 26 23

PO7 Agriculture 20 56 33 2

P08 Agriculture 22 13 12 - - -

P09 Agriculture 23 39 56 - 20 19

P10 Agriculture 18 78 72 - - -

P11 Agriculture 16 67 75 - 20 20
Sum 217 479 444 39 80 72

Statistical analysis

To validateour a priori classification into forest and agricultural ponds (pond type), we performed a
principal component analysis (PCA) with scaled variables describing the ponds (pH, conductivity,
submersed vegetation) and their surroundings (land use in a radi®® m). Further, we used

Mann-Whitney-U-tests to test in which variables forest and agricultural ponds differ.

Mixed models with pondD as random effect were used to assess the relation between pond type
and biometric traits. As MankVhitney-U-tests rewaled no difference between forest and
agricultural ponds in percentage of meadows around and submersed vegetation in a pond (Table 2),
both variables were used as fixed effects in all models to see if the hypothesized effect of pond type
still exists. Senf an individual was used as additional fixed effect to take sex specific differences in
biometric traits into account. For newt size (SVL) this results in the model SVL ~ pond type + meadow

+ submersed vegetation + sex + (1|pei).

A model averagingpmproach was used to identify significant variables (Burnham & Anderson 2002)
describing the variation of SVL. For this purpose, a set of candidate models with all possible
combinations of variables was generated based on the full model and the Akaikendtifom
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Criterion with a correction for small sample sizes (AICc) was calculated. We considered candidate
model s with a AAI Cc < 4 to the best model to ha
and used them to calculate averaged model parametenglpes and 95% confidendetervals. We

used this approach also with body mass, SMI and sexual dimorphic traits (CF and T) as response
variable, including SVL and interaction of SVL and pond type as additional fixed effects (see Table 3
for full models). FOCF and T we excluded sex and included SMI as additional variable in the models.
To test if the age of an individual had an effect on the model responses, we calculated all models
again including age as fixed effect. Because age was only determinedifgrdiods, these models
included only a subset of our data. In general, linear mixed models (LMM) were used, but in cases
where a ShapirdVilk test revealed not randomly distributed residuals of one of the candidate
models, model averaging was based on aggalized linear mixed model (GLMM) with a Gaussian

error distribution and a lodink function.

Mann-Whitney-U-tests were used to test if there are differences in the genetic parameters ARand F
between forest and agricultural ponds. To analyze if thenghn rate (increase of SVL with the age in
the adult stage) differs for males or females reproducing in forest or agricultural ponds, we used a
LMM and tested the effect of the interaction of sex, pond type and age on SVL and used th®pond
as random efct. To test for differences in the median age between males and females reproducing
in forest and agricultural ponds, respectively, a KrudKallis test was used. To assess if the
phenology of newts has an effect on the sexual dimorphic traits withirreding season we
compared CF and T from individuals captured in March/April with individuals captured in May in the

same pond with a-tand a ManAWhitney-U-test, respectively.

Variables of tests were tested for normality with Shapikilk tests and fovariance homogeneity

across tested groups with a Levene’'s test. All ¢
R Development Core Team 2020) . Mi xed model s wer ¢
“gl mer” ( GLpMaM)k angnel "t“hieBe&Rt es epaeaekag@O0O1MyMI mhe( Rar
was used to generate sets of the full model (f
parameters (“model . avg”). For the L MMuedveeret est f

cacul ated with the Satterthwaite’s method i mplem

al. 2017). The criterion for significance was 0.05.
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Table 2:Classification, location and characteristics of all ponds and information about the land use unrthendings. ManANhitney-U-tests (UTest) were

used to test in which variables forest and agricultural ponds diffealBes < 0.05 are presented in bold.

Coordinates Pond parameters Land use in 400 m
. Agriculture
Pond Classification Altitude C(_)n,djc- Submersed Forest i Settlement Mead Other Streets
ID X y (m) tivity . Total Vineyard & Industry ow
vegetation (%) landuse (%, (M)
(usfem) 0 o) (%) o) ()

PO1 Forest 7.856941 49.28449: 381 6.05 56 80 92 0 0 2 6 0 1826
P02 Forest 7.906574 49.191834 231 7.11 162 0 91 0 0 0 9 0 818
P03 Forest 7.936898 49.256871 264 6.46 59 40 100 0 0 0 0 0 594
P04 Forest 7.962192 49.25419¢ 222 7.52 78 95 88 0 0 1 5 6 1139
P05 Forest 8.002318 49.29610z 508 6.33 72 5 100 0 0 0 0 0 1012
P06 Forest 8.061345 49.26240¢ 254 7.05 209 50 91 0 0 1 8 1 2590
PO7 Agriculture  8.10636C 49.25746¢ 175 7.11 1049 95 0 66 66 26 4 5 6057
P08 Agriculture  8.11034€ 49.28086¢ 191 7.56 215 5 7 82 82 8 0 3 5228
P09 Agriculture  8.120843 49.28536: 179 7.9 790 85 0 35 35 61 2 2 5740
P10 Agriculture  8.128984 49.32423: 195 7.42 271 60 5 48 48 46 0 0 5785
P11 Agriculture  8.149951 49.334327 138 7.46 372 70 0 95 95 1 0 3 3554
Median Forest 259 6.76 75.0 450 916 0.0 0.0 03 55 0.0 1075.7
Agriculture 179 7.46 372.0 700 05 656 65.6 259 0.0 3.3 57403

U-Test w 30 35 0 10 30 0 not 1 23 not 0
0.004 0.004 0.004 0.409 0.008 0.004 tested 0.013 0.151 tested 0.004
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Results

Pond characterization and classification

The first principal component (PC1, explaining 5706%e total variance) of the PCA confirmed our

a priori classification in forest and agricultural ponds as forest ponds had a negative and agricultural
ponds a positive PC1 (Supplementary document 1; see Table 2 for pond characteristics). Also, Mann
Whitney-U-tests revealed differences between forest and agricultural ponds. Forest ponds had a
significantly higher percentage of forests, a lower percentage of agricultural land use and settlements
and a less dense network of streets in a distance of 400 mnar@ pond. They were situated at
higher altitudes and pond water had a lower pH and a lower conductivity compared to agricultural
ponds. The percentage of meadows around a pond and the submersed vegetation in a pond did not

differ between forest and agridtural ponds.

Sampling and measured traits

A total of 923 individuals from six forest ponds (mean #0.3 £ 12.8) and five agricultural ponds
(mean n = 100.2 £+ 50.1) were captured and measured in March/April 2018 (Table 1). The effective
number of indiviluals in our analysis was lower, as some photos did not allow an exact measurement
of all parameters. Skeletochronology was used to estimate age from 152 individuals inhabiting four
ponds (mean n = 38.0 £ 2.2). Age determination failed in eight indivithegisuse the phalanges
sampled were regenerates. Table 4 gives mean values, standard deviations and the ranges of
biometric measurements (Fig. 2 for boxplots) and age structure (Fig 3. for age distribution and
growth) of agriculture and forest newts. Onamage 19.7 + 2.2 individuals per pond were used for
genetic analysis. There was no evidence for linkage disequilibrium for any microsatellite loci
(Supplementary document 6). Deviation from HWE was only detected for one locus in one
population (Tablé, Sypplementary document 7). Details about genetic parameters for each

population are given in Table 5 (Hgfor boxplots).

Modelling of traits

Model-averaged coefficients to describe the variation of SVL are based on a set of three candidate
model s ACct<M (see Mypplementary document 5 for a full list of all candidate models).
Candidate models included all variables of the full model, but only pond type and sex of an individual
had a significant effect on the SVL (Table 3), with individuals repiraglircforest ponds and females

being larger. The body mass of an individual was dependent on the sex and SVL, but not pond type.
Submersed vegetation had a negative effect on the body mass with a low estimate.-Medaged
coefficients of candidate mode describing the variation of the length of the caudal filament (CF) and

the maximum height of the tail (T) revealed a significant positive effect of SVL and SMI on both traits
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and no additional effect of pond type. Comparing CF and T of males captukéardah/April with

males captured in May showed different results for each investigated pond: In the pond P05 the CF
was significant longer and T was significant higher in March, while in the pond P03 T was higher in
May and no difference was observed in. EBr both traits, higher valuesvere observed in P07 in
March/April, but as only two individuals could be captured in May, no statistical analysis was possible

(Supplementary document 4).

Including the age of an individual in the full model for the SVifiroed effects of sex and pond type

but showed also that older individuals are larger. Age also had an additional effect on SMI, but not on
body mass, T or CF (Table 4). We could not detect a difference in the median age of males and
females reproducingni forest and agricultural ponds, respectively (median age of each test group =
3;:KruskaWal | i s test: Df = 3, X 2 = 2.830, p = 0.419)
no significant effect on SVL (F = 1.205, p = 0.274), no difference in ththgaie was found (Fig.

3B). A ManANhitney-U-test revealed that newt populations from forest ponds had a significant

higher AR than populations from agricultural ponds\&7, p = 0.035). No differences were found

for Rs(W = 13, p = 0.792) and 95% ddefice intervals included zero for most populations.
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Fig. 2:Boxplots of the snouivent length (SVL; A), the body mass (B) and the scaled mass inde;
C) of male and femalkissotriton helveticuseproducing in forest (n = 6) and agricultural (5
ponds. In each boxplot, the boundaries of the box are th® &% 75" percentiles and the whisker
correspondent to the lowest and largest value no further than 1.5 times from tH&aR8
75" percentiles away. Data points beyond the whiskers aravshas unfilled circles. Mean valu

are given in Table 2. For effects of the pond type and the sex on the traits see Table 3.
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Table 3:Results of model averaging to describe the response variables (SVL =venblgngth; SMI

= scaled mass index; T = max. height of Tail; CF = caudal filament) evithitiaout the age of an

individual as additional fixed effect with the estimate, standard error (SE) and 95% confidence

i nterval

Supplementary document 5 for all candidate mogletSLMM = generalized linear mixed model with

an Gaussian error distribution and a gk function; LMM = linear mixed model; : = interaction

Mo del

averaging

wa s

based on

between fixed effects; (1|PordD) = random effect.Ralues < 0.05 are presented in bold.

. lower Cl upper CI

Response Variable Estmate SE 95% 95% p

Full model: GLMM (SVL ~ Sex + Pond type + Submersed vegetation + Meadow + (ALPpnd

SVL Intercept 3.620 0.021 3.579 3.662 170.125 <0.001

(n=856) Sexfemale 0.082 0.004 0.074 0.091 18.467 <0.001
Pond type- forest 0.101 0.022 0.057 0.145 4.491 <0.001
Submersed vegetation 0.000 0.000 -0.001 0.000 1.381 0.167
Meadow -0.006 0.004  -0.013 0.001 1.593 0.111

Full model incl. age: LMM (SVL ~ Sex + Age + Pond type + Submersed vegetation + Meadow +{(}Pond

SVL Intercept 34.081 1.839 30456 37.707 18.425 <0.001

(n=132) Sexfemale 3.668 0.476 2.727 4.610 7.635 <0.001
Age 0.557 0.192 0.177 0.937 2.873 0.004
Pond type- forest 4.778 1.756 1.311 8.245 2.701 0.007
Submersed vegetation -0.004 0.016 -0.035 0.027 0.269 0.788
Meadow -0.099 0.960  -1.998 1.801 0.102 0.919

Full model: GLMM (Body mass ~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation + |

(1|Pond-ID))

Body mass Intercept -1.547 0.091 -1.726 -1.368 16.933 <0.001

(n=855) Sexfemale 0.256 0.009 0.237 0.274  27.502 <0.001
SVL 0.052 0.002 0.048 0.056 25.847 <0.001
Pond type- forest 0.141 0.133  -0.120 0.402 1.058 0.290
Pond type * SVL -0.003 0.003  -0.009 0.003 0.937 0.349
Submersed vegetation -0.001 0.000 -0.002 -0.000 2.053 0.040
Meadow -0.001 0.003  -0.005 0.004 0.201 0.841

Full model incl. age: GLMM (Body mass ~ Sex + Age + Pond type + SVL + Pond type : SVL + Submerse

+ Meadow + (1|PondD))
Body mass Intercept
(n=132) Sex-female
Age
SVL
Pond type- forest
Submersed vegetation

-1.120
0.302
0.004
0.042
0.004

-0.002

-0.028

0.143
0.023
0.007
0.003
0.035
0.001
0.029

-1.403

0.255
-0.010

0.036
-0.065
-0.003
-0.085

-0.838
0.348
0.018
0.049
0.073

-0.000
0.030

7.778 <0.001
12.714 <0.001
0.576 0.565
12.749 <0.001
0.113 0.910
2.061 0.039
0.947 0.344

Full model: GLMM (SMI ~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadov

Meadow
(1|Pond-ID))
SMI Intercept
(n=2855) Sex-female
SVL

Pond type- forest

Pond type * SVL
Submersed vegetation
Meadow

0.997
0.467
-0.016
0.025
0.000
-0.001
-0.001

0.067
0.009
0.002
0.050
0.001
0.000
0.003

0.865

0.449
-0.019
-0.072
-0.002
-0.002
-0.008

1.128
0.485
-0.013
0.122
0.002
-0.000
0.005

14.820 <0.001
51.893 <0.001
10.227 <0.001
0.502 0.616
0.061 0.951
1.688 0.091
0.355 0.723

Full model incl. age: GLMM (SMI ~ Sex + Age + Pond type + SVL + Pond type

Meadow + (1|PondID))

: SVL + Submersed vege

a
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SMI Intercept
(n=12) Sexfemale
Age
SVL

Pond type- forest

Pond type * SVL
Submersed vegetation
Meadow

1.497
0.526
0.020
-0.028
-0.029
0.001
-0.002
-0.057

0.145
0.024
0.010
0.003
0.097
0.002
0.001
0.032

1.210
0.478
0.001
-0.035
-0.220
-0.004
-0.004
-0.121

1.784
0.574
0.040
-0.021
0.161
0.005
0.000
0.006

10.229
21.645
2.056
8.131
0.303
0.230
2.072
1.774

<0.001

<0.001
0.040

<0.001
0.762
0.818
0.038
0.076

Full model: LMM (T ~ Pond type + SVL

+ (1|PondID))

T Intercept
(n=472) SVL
SMI

Pond type- forest

+ Pond type : SVL +

-0.653
0.159
2.280

-0.102

0.894
0.017
0.283
0.233

-2.410
0.125
1.724

-0.560

1.103
0.192
2.837
0.356

0.729
9.183
8.035
0.437

SMI + Submersed vegetation + Meadow

0.466
<0.001
<0.001

0.662

Full model incl. age: LMM (T ~ Age + Pond type + SVL + Pond type : SVL #BMérs&d vegetation +

Meadow + (1|PondID))

-3.031
0.197
3.059

-0.493
0.037

2.705
0.052
0.695
0.989
0.604

-8.429
0.093
1.673

-2.459

-1.168

2.367
0.301
4.446
1.474
1.243

1.101
3.710
4.324
0.491
0.061

0.271
<0.001
<0.001

0.623

0.952

Full model: LMM (CF ~ Pond type + SVL + Pond type : SVL + SMI + Submersed vegetation + Meadow

T Intercept
(n=74) SVL

SMI

Pond type- forest

Meadow
(1|Pond-ID))
CF Intercept
(n=468) SVL

SMI

Pond type- forest
Pond type : SVL
Submersed vegetation

-3.597
0.138
1.647

-0.320

-0.004
0.005

1.376
0.024
0.368
0.899
0.019
0.010

-6.300
0.091
0.923

-2.084

-0.042

-0.014

-0.894
0.184
2.371
1.445
0.034
0.023

2.608
5.770
4.459
0.355
0.209
0.492

0.009
<0.0a
<0.001

0.723

0.834

0.622

Full model incl. age: LMM (CF gé\+ Pond type + SVL + Pond type : SVL + SMI + Submersed vegetation

Meadow + (1|PondID))

CF Intercept
(n=75) SVL
SMI

Pond type- forest
Submersed vegetation
Meadow

-0.453
0.107
0.845

-1.228
0.001

-0.313

4.933
0.096
1.018
1.506
0.009
0.900

-10.166
-0.082
-1.166
-4.213
-0.015
-2.101

9.259
0.296
2.855
1.758
0.018
1.475

0.091
1.110
0.823
0.806
0.163
0.343

0.927
0.267
0.410
0.420
0.870
0.732
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Table 4:Mean, standard deviation (SD) and range of the sheent length (SVL), body mass, scaled
mass index (SMI), caudal filament (CF), max. height of the tail (T) and age of males and females
reproducing in forest and agricultural ponds (see Figs 2 + 3). Additionally, the allelic richness (AR) and

the inbreeding coefficient (§ for agricultural andorest populations are given (see Fig. 4).

Agricultural pond Forest pond

Male Female Male Female
Mean 35.8 38.9 39.6 43.0
SVL
(mm) SD 2.7 2.9 2.7 2.9
Range 30.4-44.7 32.2-49.1 33.3-47.8 35.4-51.2
Mean 1.316 2.0 1.677 2541
Body mass o 0.238 0.4 0.279 0.522
© Range 0.881-2.152 0.985-3.677 1.029-2.678 1.565-4.202
Mean 15 2.2 1.5 2.2
SMI SD 0.2 0.3 0.2 0.3
Range 1.0-2.0 15-3.2 1.1-2.0 1.5-3.0
Mean 4.5 - 3.8 -
cF SD 1.4 - 1.4 -
(mm)
Range 1.0-8.2 - 0.6-8.0 -
T Mean 8.6 - 8.8 -
(mm) SD 1.0 - 1.0 -
Range 6.2-11.9 - 6.6-11.5 -
Mean 3.2 3.2 3.6 35
Age
(Years) SD 1.3 11 1.3 1.2
Range 1-8 2-6 2-8 2-6
Mean 2.810 3.008
AR SD 0.118 0.110
Range 2.660-2.980 2.920- 3.200
Mean -0.006 -0.053
Rs SD 0.067 0.087
Range -0.067-0.100 -0.195-0.038
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Table 5:Genetic parameters of each population with the allelic richness (AR), the expected and
observed heterozygosity (ldnd H), the inbreeding coefficient (&with its lower(Rslow) and upper
(Rs high) 95% confidence intervals and thevgdue from a Chsquare test for goodnessf-fit to

HardyWeinberg equilibrium (HWE) are given

PondID Classification AR He Ho Rs Rslow Rshigh p-HWE
PO1 Forest 3.20 0.47 0.53 -0.118 -0.243 0.015 0.854
P02 Forest 3.07 0.49 0.50 -0.012 -0.171 0.151 0.784
P03 Forest 3.00 0.47 0.48 -0.026 -0.182 0.128 0.841
P04 Forest 2.93 0.44 0.42 0.038 -0.142 0.189 0.075
P05 Forest 2.92 0.44 0.52 -0.195 -0.334 -0.064 0.854
P06 Forest 2.93 0.44 0.44 -0.004 -0.181 0.180 0.597
P07 Agriculture 2.66 0.38 0.41 -0.067 -0.242 0.123 0.760
P08 Agriculture 2.85 0.45 0.41 0.100 -0.107 0.301 0.100
P09 Agriculture 2.98 0.38 0.38 0.017 -0.102 0.142 0.552
P10 Agriculture 2.81 0.39 0.40 -0.034 -0.230 0.159 0.775
P11 Agriculture 2.76 0.49 0.51 -0.047 -0.191 0.099 0.649
Discussion

Agricultural ponds are often used as breeding habitat by amphibians. Understanding if intensive
agriculture shapes biometric traits as well as the demographic and genetic struaftamphibian
populations inhabiting these ponds helps to assess the value of these ponds for conservation
management. As the presence of Palmate Newtshélveticusis often linked to forest habitats, we
hypothesized that agricultural landscape may egant low quality habitats. By analysing over 900
newts from 11 ponds we found evidence that this hypothesis holds correct in some aspects, but also

that agricultural ponds can be suitable breeding habitats for Palmate Newts.
Biometric traits

In our study,Palmate Newts captured in agricultural ponds were smaller than those captured in
forest ponds, which was true even if sex and age of an individual were considered. In newts, a larger
body size can be advantageous. For example, a larger body size offeraaleesult in more and
larger eggs (Nobili & Accordi 1997, Verrell & Francillon 2009) and a more pronounced parental care
(Toth et al. 2011) in the closely related smooth nelut\{ulgariy. The positive effect of forests is in

line with Johanet et al2009), where a correlation between forest cover and body size was found for
male and female Palmate Newts in Western France. Also Secondi et al. (2007) found a trend between
body size and forest cover for males in the same study area. Trochet et al. €@led that the

length of the hindlimbs of Palmate Newts in Southern France was correlated with the distance to the
closest forest. Although the SVL of an individual had a significant effect on the length of the

hindlimbs, no significant correlation betwe the SVL and other environmental parameters was
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found. Results from a laboratory study indicate that the exposure to nitrate, which is used as
fertilizer and thus can often be found in agricultural ponds, can affect the body size of males (Secondi
et al. 2009). Although fertilizer are hardly used in viticulture, contaminations could be one

explanation for the smaller body sizes we found in agriculture newts in our study.

The body size of newts in our agricultural landscape (males: 35.8 mm; females: 3.9 rstill

within the body size range of other European populations. Arntzen et al. (1998) reported males with
a mean SVL of 34 mm in Mayenne (western France) and Denoél et al. (2019) a mean SVL of 38.9 mm
of males and females from Larzac (France). Itheaist Andorra males and females with a mean SVL

of 36.0 mm and 38.8 mm, respectively, were found in two Pyrenean Lakes at an altitude of 2,300 m
a.s.l. (Amat et al. 2010). One might assume that the high elevation and thus low temperatures and
short activiy periods might limit the growth oE. helveticusn the Pyrenees, but in fact, there is a
general trend for an increase in body size with elevation in many amphibian species (Morrison &
Hero 2003). Although the elevation gradient in our study is low 288 m; Table 2), the higher
location of forest ponds (mean = 310 m; mean agricultural ponds = 176 m) might contribute to the
observed differences in SVL. Interestingly, we found a negative effect of body size on body condition,
which could indicate that is harder for large newts to cover their food demand. Differences in body
mass and body condition between forest and agriculture newts were a result of differences in the

SVL and the habitat type had no additional effect on these traits.

Sexual dimorphidraits

In Palmate Newts sexual dimorphic traits play an important role in female mate choice (Cornuau et
al. 2012, 2014). They can be even more important than body size, as they directly reflect the current
fitness of an individual and not unfavourablenditions during earlier life stages (Haerty et al. 2007).

As we assumed forest ponds to have a higher habitat quality and thus to allow a higher fitness of
newts, we expected that forest newts have a longer caudal filament and a higher tail. However, pond
type had no significant effect on both traits, and differences are only caused by a correlation with SVL
and SMI. By comparing the sexual dimorphic traits measured in March/April and May we found that
they are highly dependent on the time of measurementj khlso on the pond. In Palmate Newts,
sexual dimorphic traits are developed in the water and are regressed when they leave the aquatic
phase at the end of the reproductive period (Griffiths & Mylotte 1988), whereby the exact time
depends on microclimaticonditions. Consequently, we detected in the pond at the highest altitude
(P05), with a presumed rougher microclimate and later migration of the newts to the pond, less
pronounced sexual dimorphic traits in March/April than in May. In contrast, most ¢hails already

left the agricultural pond P07 in May, so we were only able to catch two males with hardly any sexual

dimorphic traits left. Incomplete development of the sexual traits in March/April would also explain
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the correlation with the SVL, whichiis contrast to Cornuau et al. (2012) and Haerty et al. (2007).
The significant correlation of the sexual dimorphic traits and the SMI is in line with Cornuau et al.
(2014) and confirms their general suitability as fithess indicators. However, the dependarione

of measurement and pond questions the ability of our models to answer the question if forest newts
have a higher fitness. This raises general concerns about the reliability of both traits as indicator of
fitness in field studies where ponds atffdrent altitudes and/or microclimatic conditions are

compared.

Demographic traits

Differences in the demographic structure with older individuals in forest ponds would explain the
differences in body size between forest and agricultural ponds. Howeverskikletochronology
revealed no difference in the median age between habitat types. Thus, it can also be assumed that
there is, at least in adults, no increased mortality in the agricultural populations in our study area.
Orchard et al. (2019) did not findifferences in the demographic structure between crested newt
populations Triturus cristatuy from agricultural ponds and ponds from favourably managed sites,
and concluded that agricultural ponds can harbour sustainable crested newt populations. While
Amat et al. (2010) and Miaud (1991) reportedhelveticusvith an age ranging from-8 (median =5
years) and 48 years, respectively, the age of individuals from our study ranged between 1 and 8
years with a median of 3 years. Thus, a general shift irdédmeographic structure towards younger

age groups can be observed in our study compared to Palmate Newts from Andorra and France,

indicating favorable environmental conditions both in forest and agricultural habitats.

Carryover effectsand selection forsmall individuals

We could show a correlation between body size and age, but did not find differences in the growth
rate (i.e. increase of SVL with the age in the adult stage) between males and females reproducing in
agricultural and forest ponds. Thus,ffdrences in the body size might be related to different
conditions in the larval or juvenile phase that are transferred to the adult life stage (i.e-mary
effects). Jennette et al. (2019) got similar results when comparing American téamsyfus
americanu3 and wood frogsl(thobates sylvaticysfrom rural and urban landscapes in Maryland
(USA) and explained it with similar habitat qualities for adults, but lower quality of larval or juvenile
habitats in urban areas. In our study area, larvae oreiles might face a decreased food
guality/quantity in agricultural ponds and landscapes, which could be compensated by adults for
example by having a wider prey spectrum. Nobili & Accordi (1997) explained differences in the body
size of larvae and adultsetween different smooth newt populations as a consequence of different
water stability conditions of ponds. We observed changes in the water level and temporary dry ups
in both agricultural and forest ponds, but differences in the time and frequencyesiccdation
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between pond types might contribute to observed differences in the body size of adults. The
agriculture in our study area is dominated by vineyards, a permanent cropland where pesticide
mixtures are applied several times per year (Rossberg &hl@@15). Thus, soils in vineyards can be
expected to be contaminated with pesticides, like it is the case for most agricultural soils in Europe
(Hvézdova et al. 2018, Silva et al. 2019). Pest
our study area (Bundschuh et al. 2016, Adams et al. 2021). As negative effects of pesticides can be
expected to be stronger on larvae during their development and Cusaac et al. (2017) showed a
higher impact on juveniles than on adults, differences in body sigatrbe caused by impairments

during the aquatic development or early growth.

Even carnover effects between generations can play a role. In the same area as the present study,
Adams et al. (2021) sampled eggs of the common td&ado( bufg directly afterdeposition from
ponds with different pesticide contamination levels. The larvae were then raised in a pofitgn
environment but there was still a negative correlation between the pesticide contamination level of
the ponds and the size of larvae. lincthus be assumed that negative impacts are transferred from
adults to juveniles. Effects on the size of larvae can also be-ttisiee.g. from larger eggs to smaller
eggs with thicker jelly coats as protection against environmental pollutions (Adams 2021) or

from larger eggs to smaller but more eggs.

Alternatively to carryover effects, a selection for smaller newts in agricultural landscapes could
explain differences in adult body size between pond types. Several studies showed that dispersal can
select rapidly for distinct morphotypes. For example, Philips et al. (2006) showed that dispersal of
cane toads Rhinella marina selects for individuals with longer legs in Australia. In Trochet et al.
(2016) dispersal constraints due to landscape fragtaigon resulted in Palmate Newts with shorter
hindlimbs, which was explained by a higher mobility and thus higher mortality on roads of newts
with longer legs. Also, in our highly fragmented agricultural landscape dispersal constraints can be

expected, with makes dispersal related selection for smaller individuals possible.

Genetic structure

A larger body size of forest newts might lead to a higher dispersal ability (Phillips et al. 2006, Trochet
et al. 2016, 2019). This is especially true, as our resuljgest that differences in body size might
already exist in juveniles, a life stage that is responsible for population connectivity in many
amphibian species (Cushman 2006). Also other factors like assumed larger populations in more
favourable ponds (Ungub et al. 2018) or fewer stressors (e.g. pesticides), which could lead to a
negative selection of certain haplotypes, might have an effect on the population connectivity and
structure. Moreover, agricul tur e disparsal (lechardtats a b
al. 2017, Costanzi et al. 2018). Studies on the common toad also showed that amphibians tend to
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avoid vineyards as habitat (Leeb et al. 2020a) and that there is an avoidance behaviour against some
pesticides frequently used in vititure (Leeb et al. 2020b). Consequently, we assumed agricultural
pond populations to exhibit a lower genetic diversity as well as a higher degree of inbreeding. While
the higher allelic richness in forest pond populations fits our expectations, the differen the

degree of inbreeding is not strongly pronounced. In general, inbreeding is low in both pond types and
the 95% confidence interval of thgslEontains zero for most populations. Inbreeding is also low
compared toL. helveticupopulations in a rsetored pond network in northwestern France (meageF

0.251; IsselilNondedeu et al. 2017). In a French population at the Larzac Platggofald=308 was
observed, whereby this heterozygosity excess was explained by fast recolonization after a populati
decline (Oromi et al. 2016). In general, a high degree of inbreeding can lead to a reduced fitness of a
population (Allentoft & O Brien 2010). Thus, the
be rated positively. However, the relativelysl number of five analyzed microsatellites might limit

the detection of inbreeding. Further, we only chose populations large enough to allow the sampling
of several individuals in a short time for the present study. Thus, negative effects that mighfroccur
small agricultural populations might be overlooked. In the study area, there are several agricultural
ponds that are not used by the Palmate Newt as breeding habitat, which could be-getangesult

of unfavourable conditions or inbreeding depression.
Conclusios

In the present study, we showed that Palmate Newts reproducing in forest ponds are larger than
newts reproducing in an intensive agricultural area. However, agriculture newts are still within the
size range of newts from other European popigdas in more natural habitats. We could show that
differences in body size most likely already existed in larvae and/or juvenile life stages and thus
might be carnyover effects. This is worrying as juveniles play an important role in the population
dynamtcs in amphibians. As we could show that forest ponds differ in several aspects from
agricultural ponds, it is unclear which factor (e.g. contaminations, terrestrial habitat, microclimate,
altitude, pondspecific factors like water level) is responsible tfeg observed effect. We found no
difference in traits describing the fitness of an individual between forest and agricultural ponds, what
might be the result of pondpecific differences during the breeding period caused by microclimatic
conditions. The lasence of a clear sign of inbreeding suggests some degree of gene flow among the
agricultural pond populations. Although the Palmate Newt is considered a forest species, we
conclude that agricultural ponds can be suitable breeding habitats for Palmate pgwidations.

Thus, conservation efforts should aim at preserving existing agricultural ponds, but also at creating
new ones. Together with green corridors between ponds, this would facilitate the dispersal of

amphibians in a highly degraded agricultuealdscape and reduce potential dispersalated effects
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on biometric traits. Further, the potential cargver effect indicates the need to increase the quality
of the aquatic and terrestrial habitat for early life stages in agricultural landscapes, dompéx by
ensuring a stable water level during the period of the aquatic development or reducing pollutions in

and around agricultural ponds.
Additional Information and Declarations

Acknowledgements

We would like to thank Britta Watiirmel, Caterina Franoemni, Elena Adams and Mascha Wolf who
established and supported the microsatellite analysis, Lars Bleidt for helping to capture newts, and
Mira Teggemann who performed an important gstidy that helped to refine the used methods.

The work was supported hijie Deutsche Forschungsgemeinschaft (DFGTH-2B807

References

Adams, E., C. Leeb & C.A. Briihl (2021): Pesticide exposure affects reproductive capacity of commBoftobd&)(in a
viticultural landscape- Ecotoxicology30: 213-223.

Aljanabi, S. (197): Universal and rapid saitraction of high quality genomic DNA for PGRsed techniques- Nucleic
Acids Researcl25: 4692-4693.

Al l entoft, M. & J. O Brien (2010): Gl obal a mp bivetsty,&n decl i n

47-71.

Amat, F., N. Oromi & D. Sanuy (2010): Body Size, Population Size, and Age Structure of Adult PalmatisSdénits (
helveticu3 in Pyrenean Lakes.Journal of Herpetology4: 313-319.

Arntzen, J. W., P. De Wijer, R. Jehle, E. SmiS&id.(1998): Rare hybridization and introgression in smooth and palmate
newts (SalamandridaeTrituvus vulgarisand T. helveticus — Journal of Zoological Systematics and Evolutionary
Research36: 111-122.

Arntzen, J. W., T. Beebee, R. Jehle, M. DeBo&chmidt, J. Bosch, C. Miaud, M. Tejedo, M. Lizana, |. Mc®item, A.
Salvador, M. Garciaaris, E. Recuero Gil, P-Sdusa & P. Geniez (200Bissotriton helveticus- The IUCN Red List of
Threatened Species, e.T59475A11948264.

Barton, K. (2020)MuMIn: Mult-Model Inference. R package version 1.43.17.

Bates, D., M. Maechler, B. Bolker & S. Walker (2015): Fitting Linear-Efifeatls Models Using Ime4.Journal of Statistical
Software,67: 1-48.

Benton, T.G., D.M. Bryant, L. Cole & H.Q.P. @@82): Linking agricultural practice to insect and bird populations: A
historical study over three decadesJournal of Applied Ecolog¥9: 673-687.

Berger, Gert, F. Graef & H. Pfeffer (2013): Glyphosate applications on arable fields considerallg wdgihainigrating
amphibians— Scientific Reports3: 2622.

Bokony, V., B. Uveges, N. Ujhegyi, V. Verebélyi, E. Nemeshéazi, O. Csikvari & A. Hettyey (2018): Endocrine disruptors in
breeding ponds and reproductive health of toads in agricultural, urbannataral landscapes- Science of the Total
Environment634: 1335-1345.

Brodeur, J.C., R.P. Suarez, G.S. Natale, A.E. Ronco & M. Elena Zaccagnini (2011): Reduced body condition and enzymatic
alterations in frogs inhabiting intensive crop production areakcotoxicology and Environmental Saféty;, 1370~
1380.

153



Chapter 5 References

Brown, C.D. & W. van Beinum (2009): Pesticide transport visatiaice drains in Europe.Environmental Pollution]57:
3314-3324.

Brihl, C.A., S. Pieper & B. Weber (2011): Amphibians at risk®p8bidity of terrestrial amphibian life stages to pesticides.
—Environmental Toxicology and Chemis89, 2465-2472.

Bundschuh, M., D. Elsaesser, C. Stang & R. Schulz (2016): Mitigation of fungicide pollution in detention ponds and vegetated
ditches wihin a vinegrowing area in Germany-Ecological Engineering9: 121-130.

Burnham, K.P. & D.R. Anderson (2002): Model Selection and Multimodel Inference: a Practical Infdiraatietic.Model
Selection and Multimodel Inference: a Practical Informatibeoretic, . New York: Spring¥ierlag.

Chapuis, MP. & A. Estoup (2007): Microsatellite Null Alleles and Estimation of Population Differentiafidolecular
Biology and Evolutior24: 621-631.

Cornuau, J.H., M. Rat, D.S. Schmeller & A. Loyau (2012jpl¢Msignals in the palmate newt: Ornaments help when
courting.— Behavioral Ecology and Sociobiologfy, 1045-1055.

Cornuau, J.H., D.S. Schmeller, R. Pigeault, A. Sibeaux, A. Tourat & A. Loyau (2014): |Irfomtextioof morphological
and behaviourasexual traits in the Palmate newlti§sotriton helveticys—Behavioural Processes)8 36-42.

Costanzi, M., P. Mége, A. Boissinot, F. Iss®liondedeu, S. Guérin, O. Lourdais, A. Trochet, Q. Le Petitcorps, A. Legrand, F.
Varenne, P. Grillet, S. MaorPinaud & D. Picard (2018): Agricultural landscapes and the Loire River influence the
genetic structure of the marbled newt in Western Frane8cientific Reports8: 14177.

Crossland, N.O., S.W. Shires & D. Bennett (1982): Aquatic toxicology of cyparnigt Fate and biological effects of spray
drift deposits in fresh water adjacent to agricultural lardAquatic Toxicology: 253-270.

Curado, N., T. Hartel & J.W. Arntzen (2011): Amphibian pond loss as a function of landscape éheage studyver
three decades in an agricultural area of northern Frardgiological Conservatioi44: 1610-1618.

Cusaac, J.P.W., W.H. Mimbs, J.B. Belden, L.M. Smith & S.T. McMurry (2017): Factors influencing the toxicity of Headline®
fungicides to terrestrial stge toads— Environmental Toxicology and Chemis8, 2679-2688.

Cushman, S.A. (2006): Effects of habitat loss and fragmentation on amphibians: A review and prospRiciogical
Conservation128 231-240.

de L. Bionda, C., S. Babini, A.L. MartiNd;. Salas & R.C. Lajmanovich (2018): Impact assessment of agriculture and
livestock over age, longevity and growth of populations of common ththella arenarumanura: Bufonidae),
central area of Argentina- Global Ecology and Conservatidd, e00398

Denoél, M., L. Drapeau & L. Winandy (2019): Reproductive fithess consequences of progenspicitepayoffs in safe
and risky environments: Journal of Evolutionary Biolog32: 629637.

Denoél, M. & A. Lehmann (2006): Midtiale effect of landspe processes and habitat quality on newt abundance:
Implications for conservatior: Biological Conservatiod30: 495-504.

Drechsler, A., D. Geller, K. Freund, D.S. Schmeller, S. Kunzel, O. Rupp, A. Loyau, M. Denoél, Elrgath&ehaSteinfartz
(2013): What remains from a 454 run: Estimation of success rates of microsatellite loci development in selected newt
species Calotriton asper Lissotriton helveticysand Triturus cristatuy and comparison with Illuminbased
approaches= Ecology and Evdion, 3: 39473957.

Dudley, N. & S. Alexander (2017): Agriculture and biodiversity: a revigiodiversity 18: 45-49.

Edwards, W.M., G.B. Triplett & R.M. Kramer (1980): A Watershed Study of Glyphosate Transport in-Ronaffal of
Environmental Quily, 9: 661-665.

Eurostat (2020): Land use overview by NUTS 2 regidgsculture —.

Gray, M. & S.L. M. (2005): Influence of Land Use on Postmetamorphic Body Size of Playa Lake Amplobiznad.of
Wildlife Management69: 515-524.

Griffiths, R.A& V.J. Mylotte (1988): Observations on the development of the secondary sexual characters of male newts,

154



Chapter 5 References

Triturus vulgari@ndT. helveticus- Journal of Herpetology2: 476-480.

Haerty, W., E. Gentilhomme & J. Secondi (2007): Female preference fog agrahl trait uncorrelated with male body size
in the Palmate newtTriturus helveticus—Behaviour144: 797-814.

Hveézdova, M., P. Kosubova, M. KosSikovéa, K. E. Scherr, Z.
Svobodova, L. VEBEkOEkRodaa, NJ Neuwirthovéd, L. Bielska & J.
pesticides in Central European arable seilScience of The Total Environmef1,3-614: 361-370.

IglesiasCarrasco, M., J. Martin & C. Cabido (2017): Urban hab#ataffect body size and body condition but not immune
response in amphibians.Urban Ecosystem20:1131338.

IsselinNondedeu, F., A. Trochet, T. Joubin, D. Picard, R. Etienne, H. Le Chevalier, D. Legrand & A. Ribéron (2017): Spatial
genetic structure ofLissotriton helveticug. following the restoration of a forest ponds network Conservation
Genetics18: 853-866.

IUCN (202): The IUCN red list of threatened species. Versior1-302

Jennette, M.A., J.W. Snodgrass & D.C. Forester (2019): Variatige,ihody size, and reproductive traits among urban and
rural amphibian populations: Urban Ecosystem@2: 137-147.

Johanet, A., J. Secondi, O. Pays, A. Pagano, T. Lodé & C. Lemaire (2009): A case of reproductive character displacement in
female palmatenewts (issotriton helvetic)s— Comptes RendusBiologies332 548-557.

Joly, P., C. Miaud, A. Lehmann & O. Grolet (2001): Habitat Matrix Effects on Pond Occupancy ir Glemgsrvation
Biology,15: 239-248.

Keenan, K., P. Mcginnity, T.F. Cross\WCrozier & P.A. Prodohl (2013): DiveRsity: An R package for the estimation and
exploration of population genetics parameters and their associated errokdethods in Ecology and Evolutiof,

782-788.

Knutson, M.G., W.B. Richardson, D.M. Reineke, Bdy, GR. Parmelee & S.E. Weick (2004): Agricultural ponds support
amphibian populations- Ecological Application&4: 669-684.

Kovar, R., M. Brabec, R. Bocek & R. Vita (2009): Spring migration distances of some Central European amphibian species.
Amphibia-Reptilia,30: 367-378.

Kuznetsova, A., P.B. Brockhoff & R.H.B. Christensen (2017): ImerTest Package: Tests in Linear Mixed Effeets Models.
Journal of Statistical Softwar@?2: 1-26.

Landis, D.A. (2017): Designing agricultural landscapes for bisiyesised ecosystem services.Basic and Applied
Ecology 18 1-12.

Leeb, C., C. Bruhl & K. Theissinger (2020a): Potential pesticide exposure during-threguisg migration of the common
toad Bufo bufg in a vineyard dominated landscapeScience HbThe Total Environment,06: 134430.

Leeb, C., S. Kolbenschlag, A. Laubscher, E. Adams, C.A. Brihl & K. Theissinger (2020b): Avoidance behavior of juvenile
common toads Bufo bufd in response to surface contamination by different pesticided?loS ONE15(11).
e0242720.

Lenhardt, P.P., C.A. Bruhl, C. Leeb & K. Theissinger (2017): Amphibian population genetics in agricultural landscapes: does
viniculture drive the population structuring of the European common fiRgn@ temporariz? — PeerJ5: €3520.

Lerhardt, P.P., R.B. Schéfer, K. Theissinger & C.A. Briihl (2013): Arbaspdrtandscape permeability model for assessing
the impact of agricultural management on amphibian migratieBasic and Applied Ecologyl: 442-451.

Manenti, R., F. De Bernardi &F. Ficetola (2013): Pastures vs forests: do traditional pastoral activities negatively affect
biodiversity? The case of amphibians communitedORTHNESTERN JOURNAL OF ZOOR(XB8%,292.

Mann, R.M., R. V. Hyne, C.B. Choung & S.P. Wilson (2009)ibfmpland agricultural chemicals: Review of the risks in a
complex environment- Environmental Pollution] 57: 2903-2927.

Marques, A., I.S. Martins, T. Kastner, C. Plutzar, M.C. Theurl, N. Eisenmenger, M.A.J. Huijbregts, R. Wood, K. Stadler, M.

155



Chapter 5 References

Bruckner,J. Canelas, J.P. Hilbers, A. Tukker, K. Erb & H.M. Pereira (2019): Increasing impacts of land use on
biodiversity and carbon sequestration driven by population and economic greviNature Ecology and Evolutio8,
628-637.

Miaud, C. (1991): La squelettoronologie chez le$riturus( Amp hi bi ens, Urodeéel eE. plpestrishartir
helveticuset T. cristatusdu sudest de la France.S. 363383 in: J.L. Bagliniére, J. Castanet, F. Conand & F.J. Meunier
(Hrsg.), Tissus durs et age individdes$ vertébrés, . Paris, France: ORSTRRA.

Morrison, C. & J.M. Hero (2003): Geographic variation irhigmory characteristics of amphibians: A reviewdournal of
Animal Ecology;2: 270-279.

Nobili, G. & F. Accordi (1997): Body size, age and faguiiation in different populations of the smooth newititurus
vulgarismeridionalis in central Italy- Italian Journal of Zoologg4: 313-318.

Orchard, D., G. Tessa & R. Jehle (2019): Age and growth in a European flagship amphibian: equal pedibrmance
agricultural ponds and favourably managed aquatic sitesquatic Ecologyg3: 37-48.

Oromi, N., J. Michaux & M. Denoél (2016): High gene flow between alternative morphs and the evolutionary persistence of
facultative paedomorphosis: Scientific Repus, 6: 1—7.

Peig, J. & A.J. Green (2009): New perspectives for estimating body condition from mass/length data: The scaled mass index
as an alternative method- Oikos,118 1883-1891.

Pfeffer, H., U. Stachow & A. Fischer (2011): Mechanische SchadiguAgnghibien durch Landmaschinen im Ackerbau.

S. 193204 in: G. Berger, H. Pfeffer & T. Kalettka (Hrsg.), Amphibienschutz in kleingewéasserreichen
Ackerbaugebieten,Rangsdorf: Natur & Text.

Phillips, B.L., G.P. Brown, J.K. Webb & R. Shine (2006): tranadithe evolution of speed in toadsNature,439 803-803.

Put, J.E., G.W. Mitchell & L. Fahrig (2018): Higher bat and prey abundance at organic than conventional soybean fields.
Biological Conservatio226. 177185.

R Development Core Team (202R):A language and environment for statistical computing. Foundation for Statistical
Computing, . Vienna, Austria.

Rannap, R., M.M. Kaart, T. Kaart, K. Kill, E. Uuemaa, U. Mander & K. Kasak (2020): Constructed wetlands as potential
breeding sites for aphibians in agricultural landscapes: A case stadicological Engineering58 106077.

RoRberg, D. & R. Ipach (2015): Erhebungen zur Anwendung von Pflanzenschutzmitteln im Weidbatnal fir
Kulturpflanzen67: 410-416.

Rousset, F. (02 @ Cc@mplete rgneleneeptatipn’ 00 the genepop software for Windows and Linux.
Molecular Ecology Resourc@s,103-106.

Salazar, R.D., R.A. Montgomery, S.E. Thresher & D.W. Macdonald (2016): Mapping the relative probability of common toad
occurrence irterrestrial lowland farm habitat in the United KingdomPLoS ONE, 11(2): e0148269.

Schlipmann, M. (2006): Der Fadenmol€ht(rus helveticusin Europa- Ansétze zur Erklarung eines Verbreitungsgebietes.

—S. 93112 in: Schlipmann, M. Blettmann H-K.(Hrsg.), Areale und VerbreitungsmusteGGenese und Analyse, .
Zeitschrift fur FeldherpetologiSupplement 10: 91:112

Schlipmann, M. & WR. Grof3e (2020): Fadenmoldhiséotriton helvetic)s— Bd. 170, S. 289 in: Schlipmann, M. &l.-K.
Nettmann (Hrsg,) Rote Liste und Gesamtartenliste der Amphibien (Amphibia) Deutschlardatur- schutz und
Biologische Vielfalt, . Munster: Landwirtschaftsverlag GmbH.

Schneider, C.A., W.S. Rasband & K.W. Eliceiri (2012): NIH Image to ImageJ: 25 years of imageNatalgsigethods9:

671-675.

Schuler, J., C. Sattler, A. Helmecke, P. Zander, S. Uthes, J. Bachinger &Kcl8tajer (2013): The economic efficiency of

conservation measures for amphibians in organic farmirigesults from bieeconomic modelling— Journal of

Environmental Management,14: 404-413.
156



Chapter 5 References

Secondi, J., A. Aumjaud, O. Pays, S. Boyer, D. Montembault & D. Violleau (2007): Water turbidity affects the development of
sexual morphology in the palmate newtEthology,113 711-720.

Secondi, J., Einot, Z. Djalout, S. Sourice & A. Jadasart (2009): Realistic nitrate concentration alters the expression of
sexual traits and olfactory male attractiveness in newtSunctional Ecology3: 806-808.

Silva, V., H.G.J. Mol, P. Zomer, M. TienstraR@séma & V. Geissen (2019): Pesticide residues in European agricultural soils
— A hidden reality unfolded- Science of The Total Environme®$3. 1532-1545.

Simaika, J.P., M.J. Samways & P.P. Frenzel (2016): Atrtificial ponds increase local dregiitfjyimlia global biodiversity
hotspot.— Biodiversity and Conservatio®5: 1921-1935.

Sinsch, U. (2015): Review: Skeletochronological assessment of demograpftitstdife traits in amphibians.—
Herpetological Journa®5: 5-13.

Sinsch, U., J. Kas&h& J. Wiebe (2018): Heavy metacercariae infestatiRkargstrigea robustapromotes the decline of a
smooth newt populationl{issotriton vulgarls— Salamandra54: 210-221.

Sinsch, U., N. Oromi & D. Sanuy (2007): Growth marks in natterjackBo#m dadmita) bones: Histological correlates of
hibernation and aestivation periods.Herpetological Journal,7: 123-137.

Téth, Z., H. Hoi & A. Hettyey (2011): Intraspecific variation in thewegpping behaviour of female smooth newts,
Lissotriton vulgaris- Amphibia Reptilia32: 77-82.

Trochet, A., J. Dechartre, H. Le Chevalier, B. Baillat, O. Calvez, S. Blanchet & A. Ribéron (2016): Effects of habitat and
fragmentedlandscape parameters on amphibian distribution at a large spatial seaferpetological durnal, 26:

73-84.

Trochet, A., H. Le Chevalier, B. Baillat, L. Barthe, G. Pottier, O. Calvez, A. Ribéron & S. Blanchet (2§i&ifitntra
variability of hindlimb length in the palmate newt: an indicator of population isolation induced by habitat
fragmentation?— Biology letters,12: 20160066.

Trochet, A., H. Le Chevalier, O. Calvez, A. Ribéron, R. Bertrand & S. Blanchet (2019): Influence of substrate types and
morphological traits on movement behavior in a toad and newt speeiPgerJ6: €6053.

Undaub, B., S. Steinfartz, D. Kiihne, A. Haas & B.R. Schmidt (2018): The relationships between habitat suitability, population
size and body condition in a potimieeding amphibian-Basic and Applied Ecolo@y;: 20-29.

Van Oosterhout, C., W.F. HutchinsonPIM. Wills & P. Shipley (2004): Mig€hecker: software for identifying and
correcting genotyping errors in microsatellite dataMolecular Ecology Noted; 535-538.

Verrell, P.A. & H. Francillon (2009): Body size, age and reproduction in the SmodthTriewus vulgaris— Journal of
Zoology 210 89-100.

Wickramasinghe, L.P., S. HARRIS, G. JONES & N. VAUGHAN JENNINGS (2004): Abundance and Species Richness of Nocturnal
Insects on Organic and Conventional Farms: Effects of Agricultural IntensifioatiBat Foraging- Conservation
Biology,18: 1283-1292.

Wilson, J.D., A.J. Morris, B.E. Arroyo, S.C. Clark & R.B. Bradbury (1999): A review of the abundance and diversity of
invertebrate and plant foods of granivorous birds in northern Europe in relatagticultural change- Agriculture,

Ecosystems and Environmeiig: 13-30.

157



Chapter 5 Supplementary documents

Supplementary documents

PCZ-11.7%

POl o+

-2 0 2
PC1 - 57.6%

Supplementary document 1Plot of the first and secongrincipal component (PC). Ponds that h

been classified as forest ponds are shown in teal (PC1 < 0), agricultural ponds in brown (PC1

Supplementary document 2Contribution of variables to principal components (PC), Eigenvalues and

proportion ofexplained variance for each PC.

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Forest -0.426 -0.158 -0.003 0.062 0.116 -0.196 -0.048 0.407 0.755
Altitude -0.337 0.182 -0.529 0.123 -0.177 0.149 0.701 -0.120 0.011
Meadow -0.169 -0.665 0.325 0.169 -0.448 0.368 0.076 -0.225 0.043
Submersed vegetation 0.192 -0.541 -0.326 -0.601 0.398 0.129 0.166 0.011 0.020
Settlement 0.330 -0.126 -0.420 0.563 0.244 0.112 -0.259 -0.392 0.299
pH 0.339 -0.089 0.455 0.327 0.376 -0.170 0.619 0.096 0.033
Conductivity 0.348 -0.290 -0.244 -0.004 -0.524 -0.687 0.074 0.068 0.013
Total agriculture 0.357 0.345 0.201 -0.387 -0.256 0.174 0.134 -0.336 0.581
Streets 0.409 0.049 -0.157 0.135 -0.235 0.493 -0.003 0.699 0.017
Eigenvalue 2.277 1.167 0.988 0.783 0.707 0.438 0.363 0.199 0.013
% exp. Var. 0.576 0.151 0.108 0.068 0.055 0.021 0.015 0.004 0.000

Supplementary document 3Eigenvectors for each pond and principal component.

PondID PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
PO1 -2.332 -0.762 -1.101 -0.738 -0.269 0.772 -0.124 -0.159 -0.002
P02 -1.910 -0.647 1.502 1.032 -0.684 -0.173 -0.223 -0.293 -0.007
P03 -1.974 0.680 -0.277 -0.394 0.648 -0.616 -0.745 0.140 0.000
P04 -0.950  -1.367 0.697 -0.451 1.208 -0.085 0.483 0.086  -0.017
P05 -2.910 1.633 -1.308 0.417 -0.288 -0.297 0.554 -0.032 0.001
P06 -1.305  -1.106 0.604 0.262 -0.311 0.222 0.066 0.322 0.027
PO7 2764 -0.985 -0.732 -0.667 -1.255 -0.348 -0.056 0.132 -0.013
P08 1.464 1.907 1.109 0.238  -0.340 0.338 0.111 0.217 -0.011
P09 3.177 -0.814 -0.882 1.053 0.487  -0.332 0.129 -0.115 0.010
P10 2.110 0.563  -0.523 0.631 0.672 0.640 -0.326 -0.023 -0.004
P11 1.865 0.897 0.913 -1.384 0.133 -0.121 0.130 -0.275 0.017
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Supplementary document 4Length of the caudal filament (CF) and max. height of the tail (T) of
male Lissotriton helgticuscaptured in March/April and May 2018 and the results of parametric and
nonparametric tests. ®alues < 0.05 are presented in bofés only two males were captured in

May, no statistical test was performed.

. March/April May Statisticaltest to compare March and May
Variable Pond

mean (mm) SD| mean (mm) SD| Test Test statistic (t or W) df p
P03 47 15 5.3  2.1]t-test -0.813 12.516 0.432
CF P05 28 09 5.8  1.2]t-test -10.862 40.804 < 0.001
PO7* 52 1.0 15 04 - - - -
P03 9.7 09 8.8 1.1| U-test 364.500 - 0.016
T P05 8.4 1.0 10.3 0.6 | U-test 58.500 - <0.001
PO7* 82 07 43 0.0]- - - -

Supplementary document SList of all full and candidate models that were used to calculate model
averaged coefficients describing the response varial®®4 (= snoutent length; SMI = scaled mass

index; T = max. height of Tail; CF = caudal filament) with the model type (GLMM = generalized linear
mixed model with an Gaussian error distribution and alinlg function; LMM = linear mixed model),

degrees of fieedom (df), the Akaike Information Criterion with a correction for small sample sizes
(Al'Cc), the difference to the best model (AAI Cc
Only models with a AAI C < 4 wéixeckefferts; fliPond@ e d .

random effect.

Model type  Response Model df AlCc n! L/ AlCc weight
GLMM SVL ~ Sex + Pond type + Submersed vegetation + Meadow + (1|R@)d Full model
~ Sex + Pond type + Submersed vegetation + Meadow + (1{E)nd 7 4076,4 0,00 0,603
~ Sex + Pond type + Meadow + (1|Paby 6 4078,€ 2,19 0,201
~ Sex + Pond type + Submersed vegetation + (1|fohd 6 4079,2 2,75 0,152
LMM SVL ~ Sex + Age + Pond type + Submersed vegetation + Meadow + (1{H2)nd Full model
~ Sex +@e + Pond type + (1|PorldD) 6 650,7 0,00 0,373
~ Sex + Age + Pond type + Meadow + (1|P@)d 7 650,7 0,05 0,364
~ Sex + Age + Pond type + Submersed vegetation + (H{B®9nd 7 654,4 3,70 0,059
GLMM Body mass ~ Sex + Pond type + SVL + Pond typel: §8ubmersed vegetation + Meadow + (1|Peti2) Full model
~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation +[IPond 8 -241,6 0,00 0,307
~ Sex + SVL + Submersed vegetation + (1{fopd 6 -240,1 1,43 0,190
~ Sex + Pond typeSVL + Pond type : SVL + Submersed vegetation + Meadow + @fPond 9 -240,0 1,61 0,137
~ Sex + Pond type + SVL + Submersed vegetation + (2{Bpnd 7 -239,6 1,95 0,116
~ Sex + Pond type + SVL + Pond type : SVL + (Ppnd 7 -238,7 2,89 0,072
~Sex + SVL + Submersed vegetation + Meadow + (1{fE)nd 7 -238,2 3,36 0,057
~ Sex + Pond type + SVL + Submersed vegetation + Meadow + (1f5ond 8 -237,9 3,67 0,049
GLMM Body mass ~ Sex + Age + Pond type + SVL + Pond type : SVL + Submersed vegetétiadow + (1|PondD) Full model
~ Sex + SVL + Submersed vegetation + Meadow + (1Bynd 7 -7,2 0,00 0,186
~ Sex + Age + SVL + Submersed vegetation + Meadow + (4{Pond 8 -6,8 0,42 0,151
~ Sex + SVL + Submersed vegetation + (1{fopd 6 -6,3 0,96 0,116
~ Sex + Age + SVL + Submersed vegetation + ()Pynd 7 -5,6 1,65 0,081
~ Sex + Pond type + SVL + Submersed vegetation + Meadow + (1f5ond 8 -5,0 2,18 0,063
~ Sex + Age + Pond type + SVL + Submersed vegetation + Meadow +-(D)Pond 9 -4,6 2,67 0,049
~ Sex + Pond type + SVL + Submersed vegetation + (2{Bpnd 7 -4,1 3,17 0,038
~ Sex + SVL + Meadow + (1|PoD)i 6 -3,7 3,56 0,031
~ Sex + Pond type + SVL + Meadow + (1|#DBhd 7 -3,3 3,91 0,026
~ Sex + Age + Pond typeW.S- Submersed vegetation + (1|Peif 8 -3,3 3,91 0,026
~ Sex + Pond type + SVL + (1|Rtby 6 -3,3 3,95 0,026
GLMM SMI ~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadow +-(D)Pond Full model
~ Sex + SVL + Submersecetatipn + (1|PondID) 6 -296,8 0,00 0,239
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GLMM

LMM

LMM

LMM

LMM

SMI

CF

CF

~ Sex + Pond type + SVL + Submersed vegetation + (2{Bpnd

~ Sex + Pond type + SVL + Submersed vegetation + Meadow + (Ilfjond

~ Sex + SVL + Submersed vegetatidteadow + (1|PondD)

~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation +[I)|Pond

~ Sex + SVL + (1|Potid)

~ Sex + Pond type + SVL + Pond type : SVL + SubmergatoregeVeadow + (1|PondD)

~ Sex + Pond type + SVL + (1|Rtdy

~ Sex + Pond type + SVL + Meadow + (1|#Dhd
~ Sex + Age + Pond type + SVL + Submersed vegetation + Mead{®ond-1D)

~ Sex + Age + SVL + Submersed vegetation + Meadow + (4[Pond

~ Sex + Age + Pond type + SVL + Submersed vegetation + Meadow +-(D)Pond
~ Sex + Age + SVL + Submersed vegetation + ()Bon
~ Sex + Age + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadow!®)1|Pond
~ Sex + Age + SVL + Meadow + (1|A@)d

~ Sex + SVL + Submersed vegetation + Meado{PendID)
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Supplementary document GResults from testing for linkage disequilibrium for each locus pair across

all populatons wi h  GENEPOP
values > 0.05).
Locus pair chf? Df p

Lh7 &  Lh44 11.759 20 0.924
Lh7 &  Us9 14.909 22 0.866
Lh44 &  Us9 13.841 20 0.838
Lh7 & Lhie 18.250 22 0.691
Lh44 &  Lhi6 19.766 20 0.473
Us9 & Lhie 15.899 22 0.821
Lh7 &  Lh19 4.498 8 0.810
Lh44 &  Lhi9 6.830 6 0.337
Us9 &  Lhi9 6.210 8 0.624
Lh16 &  Lh19 4.303 8 0.829
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Chapter 5 Supplementary documents

Supplementary document 7Results from testing each population and Loci for Hakinberg
equilibrium (HWE). NA = test wanot possible because there is only one allele in the population. P

values < 0.05 are presented in bold.

Loci PO1 P02 P03 P04 P05 P06 P07 P08 P09 P10 P11

Lh7 0.918 0.455 0.723 0.729 0.922 0.202 0.289 0.065 0.488 0.910 0.957
Lh44 0.993 0.892 0.633 0.880 0.741 0.789 NA 0.477 0.952 0.807 0.507
Us9 0.314 0.295 0.324 0.636 0.429 0.512 0.709 0.098 0.180 0.441 0.311
Lh16 0.404 0.974 0919 0.001 0440 0.775 0.899 0.809 0.411 0.411 0.238
Lh19 NA 0.699 0.740 NA NA NA  0.807 NA  0.920 NA NA
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3. Summary of the resilts

In chapter 1 weshowed that common toads can be found in vineyards during their pbsteding
migration, although they tend to avoid themand that they have a high overall risk of being
exposed to pesticideslnitially, weexpected most toads to migte to the nearby Palatinate Forest
after breeding becausethis forest iscommonly considered as the rsibsuitable terrestrial habitat
for common toads inthe study area.However,a large part of the population stayed in the
agricultural landscape overrige partsof the year and orly 4 out of51 individuals reached the
forest. Toads spent about 15% tfe time directly in vineyardsHowever, in generatoadstend to
avoid vineyards as habitahs movements ended less oftehere than expected from a radom
habitat choice. Byambining telemetry data with information about pesticide applications from local
wine growersand taking spray drift and the halffe values of applied pesticides into accouwe
estimated thaton a single dayp to 24% of the whie breeding population came tim contact with

pesticides, resulting in a high overall exposure risk.

In the experiment described inchapter 2 we found evidencefor the avoidance of juvenile
common toads against somiequently used viticultural pesticidesit field rates. This was achieved
by performing arenachoice experimens in the laboratory, whereby five pesticides, one herbicide
and one insecticide with 28or 100% of the maximum recommended field rate (FRvere tested
with 16 replicates per testun. In six out of seven tested pesticidése toads spent more time on
the uncontamirated side of the arenat FR,,, However, this avoidance of the contaminated side
was only significant for the folpet formulation Folpan® 500 SC, the metrafenone foionulat
Vivando® and the glyphosate formulation Taifun® fateFR,.. For Wettable Sulphur Stulln
(sulphur)a trendto avoidance wasletected No avoidance was observed when testing Folpan® 80
WDG (folpet), Funguran® progress (copper hydroxddspinTorTMspinosad)Moreover,for 10%

of FR.ax Of all the testedformulations no avoidance was detecteth the choicetests inwhich we
observed avoidancbehaviout the mediandistance a toad moved on thencontaminatedsidewas
significanty largerthan on thecontaminated sideSubsampling the data sdb one sample every 15
or 60 minutes which correspondsto a reduction of the samplindrequency during the data
acquisition Jed to a similaravoidance patternAlthough lowering the sampling frequency comeghwi
the risk of overlooking weakvoidance behaviar, it might be a solution when tracking software can
not be used or is not availabl&nalysing only the data from the first hour of an experimental run

instead of the full 24 hours did not alldiar the deection ofany avoidance behaviour.

In chapter 3 we showd that gene flow betweenRana temporariapopulations locatedwithin
viticultural areas is lowerthan between populations located in the Palatinate Foresgtuggesting

that vineyards have to be consated asa barrier for amphibians.Median paiwise Fsrvalues were
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between 0.0215 at a distance 2f34 kmbetween populations an@.0987 at 2.39 knfor agricultural
populations and0.0041 at 5.39 km to 0.0159 at 9.4én for populations located in the Paila&te
Forest. Lardscape geneticanalysessuggestthat the observed genetic differentiation between
populationsis not a result of $olation by geographic distance. Howeweeighted distancenodels
provide evidence that vineyards limit the gene flow betweR. temporariapopulations and thus
contribute to landscape fragmentatigeven more tharsettlements orstreetswith associated traffic
intensity. Population structure analysis confirmed reduced gene flow within the agricultural
landscape as three agritural populations were identified as sepae clusters, suggesting their

isolationfrom the meta-population.

In chapter 4 we couldiemonstrate that the pesticidecontaminationlevel in a breeding pondhasa
significant effect on the reproductive capacityf common toads In total 22 different pesticides
were detectedwith 0to 19 pesticides per pond. The pesticide contamination per pond (sum of toxic
units) was highly correlatedith the proportion of agricultural land use around the pordong this
pestcide gradient effects on the repductive capacity were foundFrom eggs frommore
contaminated pondgewer tadpoleshatched (decreased fertilization rate) and their survival rase
well assize atGosner Stage 25 was decreased. However, toa@osoducingin more contaminated
pondslaid more eggs (i.e. showed an increaseduiadity), resulting in acomparableoverall fithess

betweenpopulations.

In the field study of chapter 5 palmate newts captured in agricultural pondsad a smaller body
sizethan thosefrom forest ponds which might berelated to a suboptimal habitat qualityfor early

life stages As amphibians grow throughout their lifetime, differences in the demographic structure
with older individuals in forest ponds would explain the differencesbady size. However,
skeletochronologydata revealed no difference in the median age or growth between habjtas

but suggest that differenceim the size of adultsnight becarry-over effects from subadult life stages
or a tradeoff. Body mass, body odition and sexual dimorphic traits (length of the caudal filament
and max. height of the tail) correlated with body size, but no additional effect of the habitat type was
found. Genetic analgs showed a higher allelic richness in forest pond populatioatsno clear sign

of inbreeding in anwgriculturalpopulation. Thus, there might be at least some degree of gene flow
between populations irthe agricultural landscapédndividuals from agricultural ponds were within

the size range of newts from other Bypean populations in more natural habitats
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4. Discussion

Today, agriculture is the most dominant landscape type in many parts of thie.wbis linkedto
intensive pesticide uséabitatloss andragmentation, which are namealssomeof the main drive's
in the worldwide amphibian decline. Thus, understanding the situation of amphibiartbein
agricultural landscape is crucialrf@onservation measures. In thtkesis | found evidence for
amphibianavoidance of pesticide contaminatiorindications of(chemicallandscape fragmentation

as wellasadverse effectef amphibian development in thagriculturelandscape.

4.1. Agriculture as habitat for amphibians

It is well known thatvater bodiesin agricultural landscapes céunction asreproduction habitatdor
amphibiang(Beja and Alcazar, 2003; Berger et al., 2013; Knutson et al., 2004; Lenhardt et al., 2013)
Theimportance of remaining agricultural pondsas beeremphasizedy reporting ofa general pond
lossduringthe last decads(Curado et al., 2011)n the investigatedvineyarddominated study area
in Southern Palatinatedrainage and rain tention ponds are used by amphibians for breedihy.
chapters 1-5, a total of13 amphibian breedingponds within or near agriculturevere studied with
additional 9 ponds in the forest In the same areaBischoff (2008) mapped 75 ponds and
documented amphibian populations BB8% of all water bodies with an average 1B species per
pond. During several field trips and mappings sisdy preparation for this thesis, dozens of
additional amphildan populdions could be documentedApparently,there are manyamphibian
populationspresentin the agricultuial landscapén Southern PalatinateAlthough a permanent crop
like winewith greened ows and shade during the summer might be more suitdbteamphibiars
than other types of arable landhis does not necessarily rap thatthey are ideal habitatsBischoff
(2008)found 11 amphibian species in the arelt somespecies with higher habitaequirements
such asthe European tree frogHyla arboreg or the commonmidwife toad @Alytes obstetricans
were not detected despite being generally documented in this pariGdrmany Furthermore,the
northern crested newt(Triturus cristatuswasonly found in 2out of 75 ponds, andboth pondswere
not directly located in vineyardsAgricultural landscapeand all ther linked procesgs mightthus
shapethe occurrence and distribution of amphibian species. Although the effect of agricuture
occurence is often @id to be negativgBeja and Alcazar, 2003; Boissinot et al., 2019; Piha et al.,
2007; Ray et al., 22; Suarez et al., 2016) might depend on the species in foc(lsoumaris and
Fahrig, 2016; Trochet et al., 2016a)

The presence adimphibiansn an agricultural pond does not necessarily imply that the population is
stable andhealthy. For example, in chapter 3 the number @mmon frog breeding pairs in
agricultural ponds wago smallto sample enough adults, so thatnovel methodological approach

had to bedeveloped to analyse thmicrosatellitedata from siblings of the same clutch for reliable
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population structure andgene flow estimations(Lenhardt and Theissinger, 2017h contrast,
common frog populations in the near Pailete Forest can consist of thousands of breeding pairs.
Agriculture carfurther affect morphological traits of amphibiang&or exampleGuillot et al.(2016)
showed that common toads from intensive agriculture were larger than toads from forest habitats,
but less symmetrical, which indicates environmental stress during early life stagié® study on
palmate newts (chapter 5)e found smaller adultén agricultural pondswhich might belinked to

suboptimalconditionsfor larvae and/or juveniles in or anmd the ponds.

Reasons fomegative effecs of agricultureare manifold and, in most casesgxact causeffect
relationships cannot be identifiedspeciallyn field studiesReducedpopulationsizesin agricultural
amphibian populationsmight be causedby direct mortality of individualsdue to agricultural
processes likenechanicatillage (Pfeffer et al., 20119r mowing(Humbert et al., 2009)n fact, three
common toadsthat were tracked viatelemetry (chapter ) died because ofsuch agricultural
processes, two of them directly in vineyarddoreover, pesticidesthat are fequently appliedin
agricultural areagan have lethal effects. When amphibians are directly oversprayed with pesticides
high mortality ratesin some casesf up to 100%can be observed at field application rat@elden

et al., 2010; Bruhl et al., 2013; Redy 2005) A recentlaboratory study showedthat even contact

with contaminated soil can result in the dbaof juvenile common frogs(Adams et al., 2021a)
Besidesacute effects, chronic and sublethal effects can affect populations, for example due to

impairment of the reproduction capacity as shown in chapter 4.

With ourtelemetry study (chapter 1) we could show thammon toads spent some time directly in
vineyards and are therefore exposed to the dangers linked to agriculture mentiahede
However, theygenerallytend to avoid vineyards as habitat and preferred remnatructures like
bushes, groves andilfows. Thus, weoncludethat vineyards are in general suboptimal habitats for
toads and therefore less often usedespecially in springghen the absence of shadingne leaves
results in an unfavourable microclimat®r toads Also several other studies documented an
avoidance of agricultural fieldsor exampleyos et al(2007)showed that arable land was the most
avoided type of habitat when studying the effect of landscape composition onsthallscale
migration of juvenile common fragaround a pond in the Netherlands. Cropsre/also the leat
preferred habitat in a telemetry study on the terrestrial habitat use of the natterjack t&gidélea
calamita) in SpainMiaud and Sanuy, 20053alazar et a(2016)detected 91 common toadsraund

a pond in an agricultural landscape in the UK, but not a siimgliwidual was foundirectly in a
cultivated field.Although overall still little is known about the terrestrial finscale habitat use of

European amphilns inagricultural landscapesthese findingsare in linewith our results and
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highlight the importage of remnant structuresin agricultural landscapes and green corridors

between populations.

4.2. Pesticideexposure

Pesticides are applied on agricultural fietdsprotect cropsfrom different kinds of pests like insects

or weeds.In our vineyaredominated study areanainly fungicides are used agaimstthogenic fungi
and oomyceteswhereby up tol2 pesticide applications per year were reported by local farmers
(chapter 1). In chapter we detected up to 19 different pesticides in a singtnd, confirming that
spray driftand runoff lead tothe contamination of water bodies within or near agricultural fields.

a consequenceamphibianswith their complex, biphasic life cyclean be eposed to pesticides
during all life stageswhile it is comparativelyeasy toanalyse theactual exposure of aquatic life
stages (i.e. both pesticides and eggs/larvae/adults can be detected in the pond at the same time),
this is much morecomplexfor terrestrial life stage Some studies showed that amphibians can be
found directly in arable field&nutson et al., 2004; Muller et al., 2013; Schweizer, 20d#)only a
few combined finescale data on habitat use with data pesticide applicationgBerger et al., 2013;
Lenhardt et al., 2015)Thus, there is only little information about trepatal-temporal overlap of
pesticide applications with the terrestrial activithase of temperate amphibian$his isconcerning

becausesuch data are critical to estimate the actuiskto amphibiansposed bypesticideexposure.

This highlights the importance of our study in chapter 1, wherdhe first timetelemetry datawere
combined with pesticide application dataWe showed that toads spent some time directly in
vineyards andtanbe presentduring a pesticide applicatiotn generalcommon toads are primarily
nocturnal usuallyhide during the dayand are thenoften coveredwith soil or vegetationTheirrisk

of being directly oversprad without interception mighttherefore be generally low. However, we
found individuals during the day outside their hiding place, hefore a pesticide application, and
we observed multipleapplication events after sunseonsequentlydirect overspray might be a rare
worst-casescenarig but still realistic for adult common toads our study area. During fiedbrk we
alsoobserved hundreds ahetamorphsdirectly in vineyardsUnlike adultsmetamorphsare diurnal
and their risk of being directly oversprayed agemparablyhigher. This is alarming, as juveniles are
generally moresensitiveto pesticides than adult§Cusaac et al., 2017As pesticides do not break
down immediately and pesticides are applied sevdimes each yearchapter 1 RoRRberg, 2013)
most agricultural soilsare contaminated over large parts of the yeavith several pesticides
(Hvézdova et al . ,.Takihg tBepersiSterte of a pestitide anlthe envirdrinénd )
(half-time of a pesticideDTso) and spray drift into accountit becomes cleathat a largepart of the

commontoadscamein contact withcontaminated soitluringtheir terrestrial life stage.
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While hiding in the soil might reduce the risk of being directly oversprayemtact with
contaminated agricultural soil with the whole body might evecrease a potential uptakelhe
negative effects of amphibian skitontact with contaminated soilwere shown in Adams et al.
(2021a) Up to60% of juvenileR. temporariathat were placed on soil contaminated with a folpet
formulation died and surviving individuals suffered from sublethal effeotsthe locomotor activity

as well aon feedingbehaviour. In chapter 2 we exposejdvenile common toads to soils thatere
oversprayed with different pesticides frequently used in German viney#&slgi0 mortality in the
test species was observed, lethal effects might be spexidéor substratedependent However, we
found a behavioural responseto the exposure as the juvenile common toadsavoided the
contamination in an arenahoice experimentThisavoidance of contaminated areas might lead to a
decreasedexposureof individuals. However, inight alsoresult in adverse effects on the meta
population level as aricultural areas with contaminated soils could act as a barrier during
migration/dispersalYet it remainsunclearwhether the observedvoidancecan be transferred from
the laboratory to the #®ld. Also the impairments of the reproduction capacity of common toads in
chapter 4 suggedbngterm pesticide exposurén their aquatic and/orterrestrial habitat. Adverse
environmental conditions folarval/subadult palmate newtthat might resultin carry-over effects to
later stageqchapter 5) mightbe linked to pesticideexposure in the aquatic or terrestrial habitiio.

In summary our results indicate thathe overallriskfor amphibians to be exposed to pesticides must
be considered asery high in agricultural landscapesiecessitating a reconsideration of intensive

pesticide use.

4.3. (Chemical) landscapgagmentationandits challenges

A landscape consists of a mosaic of elements, whereby some are used by a species in focus and some
are not. Whencertainelements are avoided or cannot be crossed (e.g. highways), suitable habitats
might be isolated from each other, a process that is referi@ds landscape fragmeation. An
indirect way to study landscape fragmentation is liok the gene flow betwen populations to
(traditionally mainlyvisible) spatial features describing the landscape (i.e. landscape genetics). For
example, landscape genetiegere used to identify arable land asbarrier and the Loire Riven
Western Francasa corridor for the marbled newt T. marmoratug (Costanzi et al., 2018Another
example isa study ofVan Buskirk2012) in which landscape geneticavere usedto show that
highways cause a 40% reduction of gene flow between alpine né&hthyosaura alpestr)s
populations in the SwitzerlandHowever, there are some limitations and pitfalls when using
landscape genetic methods. Van Stri@d17)discussed the important role of the topology (i.e. the
spatial arrangement of sampled populations) in landscape genetidestughd pointed out that

ideally all populations in a study area should be sampled, that dispersal limitations of the focal
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species should be considered the analysis and that it may be advantageous to consider only

selected and not all possible poputatipairs in linkeébased analysis.

The mentioned limitations aralso themain reasons whywe did not use linked-based landscape
genetics to study the gene flow betweén helveticupopulations in chapter 5. Here, the geographic
distances between theamged populations were 910 to 23,770 m (mean = 10,300 m), while typical
migration distances of the palmate newt are oslgveral luindred meters(Jehle and Sinsc2007;
Lenhardt et al., 2013)instead, we calculated the allelic richness and the inbreeding coefficient for
each population and compared these population genetic parameters between forest and agricultural
populations. We found that populations located fiorests had a higher allelic richnesgyich could
indicate a higher gene flow between forest populations compared to agricultural populations. When
agriculture leads t@ strongisolation of agricultural ponds and a strorgguction ingene flow, this
should be also reflected in the degree of inbreeding of isolated populatidtso the landscape
model of Lenhardt et al(2013) suggested strong isolation of some of tlagricultural newt
populations. Surprisingly, we did néihd a clear sigrof inbreeding in anyagriculturalpopulation,
suggesting at leastome gene flowbetween them. Seveal factors could contribute to the higher
than expected gene flow. On the one hamhe might just underestimate the migration capacity of
newts and amphibians in general. Migrations over 34vkene reported for toads(Smith and Green,
2006), and it is known that the invasion front of the cane to&hinella marinain Australia expands

up to 55 km per yeafPhillips et al., 20075insci{2012)used telemetry data and migration capacity
models to show that @eding pondsof the natterjack toadsin distances up to 12 km are still
connected, while observation data suggest that typical migrations are below 5 km for this species
(Jehle and Sinsch, 200Th general, only littles knownabout the dispersal abilities of amphibians.
This is especially true famewt species for which relevant studies on migration and dispersal
behaviour are ofta completelylacking Unfortunately, there is even a lack of methods to stthiyse

life history aspects. For examplelemetry, which can be used to study the migration of anurans
(chapter 1), is hardly used for Urodela (but see &ghabetsberger et a(2004)or Dervo et al.
(2010) andnever usedor small newts like from the genugssotriton On the other handpne might

also underestimate the number of popuians present in an areand thus overestimate the degree

of isolation of certain populations. This is especially true near settlements, whedergaonds on
private property can be important habitats for amphibian@Glandt, 2018) but are usually
inaccessible and cannot be consideredfigld investigations When studying amphibians near
settlements, there is also the problem that manyrden owners relocate amphibians from their
gardens to publicly accessible ponds (e.g. because they are disgusted byBiuweks; and Laverick,
1986 Pavol and Fan¢c¢ovi Coofvoin knovwnCamghibian Pondskmtipeir e t al

gardens (e.g. to enrich the local biodiversiBanks and Laverick, 1986y both cases, antpbians
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are oftentransferredover distances that exceed the natural migration capacity of a speciageor
helped to overcome barriersthat usually limit migration. Such translocations, which are also

common in our study area, might affect the resultdasfdscape genetic studies.

Methods used in chapter 3 and chapter 5, but alse.mn Johansso(2004) Frei(2016)or Constanzi
(2018) aimto explain population genetic parameters with landscape characteristicstlaunsl to
make inferencesabout the potential ofagricultural landscapeso act as barriers and lead to
landscape fragmentation. However, they do not alléov making statements about a chemical
landscape fragmentation, i.ewhether agricultural chemicals .6. pesticides) contribute to the
fragmentation of thelandscape. In theory, botfand use and pesticide usean be included in
landscape genetic modelbut there are two major pitfallsFirst, data about land use but also
pesticide applications, for thavhole or at least most parts of a study area, are needed. Second,
agricultural areasvith a mosaiof different management typesanging from no pest control to very
intensive pesticide useare needed While data about land use that allovfer determining the
proportion of agricultural areas between populations can be received via remote sensing and are
often available (e.g. ATKIS DLM%thich was also used in chapseB-5), data about pesticide
applications are usually lacking. The viticulture landsdamrir study area is managed byndreds

of farmers. Although they have to keep track of their pesticide applications, they do not have to
provide them for scientific studies. For the telemetry study (chapter 1) we tried tonfmtmation
aboutpesticideapplications from local farmers for all vineyards in the study area. Although dozens of
farmerswere contacted we failed to get the actual application data feven mostvineyards and
partly had to resortto data from farmers in the surroundis@f our sudy site. This still allowefibr

the estimation ofthe overall exposure risk of the population, but not the actual exposure of every
individualfor every day Moreover, this data weralso notsufficient for modelling in a landscape
genetic study Consequatly, future lardscape genetic studies that aito investigate chemical
landscape fragmentation should take placeniell-chosenregions where all stakeholders are known
and agree to providéhe pesticide appliation data. In viticulture, where agriculturbfields are often
smallscaled the owner structures and management regimes can be quite complex and divense
example three rows of vine from farmer A with intensive pesticide use can be next to three rows of
vine from farmer B that are organicallyamaged Such a scenaridoes notfit a simple modetrop

type to study chemical landscape fragmentati@ther crops in eeas like Eggersdorf (norbast of
Germany), where the exposute pesticidesof four temperate amphibian species during their pre
and postbreeding migration was studied based on application data of only seven farmers that are

managing an area of@0 ha(Berger et al., 2013)night represent more suitable setsp
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Even if chemicdandscapefragmentationcannot beproven straight forwards our studies provide
someindicationsfor this scenarioThe avoidance of vineyards (chapter 1) ahd teduced gene flow
observed in chapter 3 indicadessome degree ofienerallandscape fragmentation in our study area.

The avoidance of contaminated areas (chapter 2) can be seamiasthat pesticides contribute to

this fragmentation.In addition, pesicides mighenhance the negative effects of fragmentation when
pesticide exposure leads to a reduced number of migrating individmaksgricultural areasin
chapter 4, the reduced number of hatched tadpoles and decreased survival rate to Gosner stage 25
as a consequence of pesticide exposure were compensated by an increased number of eggs.
However, surviving larvae were also smaller, which might result in smaller juveniles/adults and thus
might influence the longerm survival and the migration capacity a populationIn conclusion, the
combination of landszpe fragmentation and pesticide contaminatioright reduce the fitness and

thus longterm survival probability of populations the studiedarea.

4.4. Implicationsfor risk assessment andonservationmeasures

In chapter2 and chapter 4we showedpotential negative effects of pesticides for amphildanot
only on the individuabut on thepopulationand metapopulation level Although this is in line with
severalprevious studies thatlemonstrated advers effects of pesticidereviewed by e.gBaker et

al., 2013; Bruhl et al., 2011; Sievers et al., 20@8)phibians are not yetonsidered in the risk
assessment of pesticides the EU To estimate the risk of amphibiansurrogate species are used
with toxicity data for fish being discussed to cover thigk for agatic and data for birds and
mammalsthe terrestrial life stagesof amphibians(OrtizSantaliestra et al., 2018However, this
approachneglectsthe special characteristics of amphibialise the complex metamorphosis of
larvae or their general ectothermic nature. Whierecent stug showed that surrogate species like
the rainbow trout Oncorhynchus mykis€an cover the risk for aquatic life stage$ Central
European speciewhen the uncertainty factorgenerally applied in the fish risk assessment is used
(Adams et al., 2021bjhere are concers aboutthe terrestrial life stage ofamphibians (Bruhl et al.,
2011) Therisk assessmérof pesticides for rammals and birdss mainly based on the oral uptake of

a substancewhich might cover the oral exposure route in amphibié@eane et al., 2016 Although

this exposuregpathway also plays a role amphibiars, the dermal uptakeis considered to bamore
relevant. Amphiians have highly permeable sKikadimann and Dohmen, 2016\hich favours the
uptake of water but also larger moleculélslewelyn et al., 2016)n contrast, birdsand mammals
have feathers and fur, respectively, which protect them from dermal exposure. Thus, toxicity data
from mammals and birds might not cover terrestrial amphibiaospletely(OrtizSantaliestra et al.,
2018) Besidesthe use ofsurrogate specieghere are also general weaknesses in the current scheme

for environmental risk assessmenthich will most likelyalso be found ira future risk assessment
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for amphibians For example,ndirect effects of pesticides opopulations, interactions between
trophic levels and realisticgsticide applicatiorscenarios (sequences of applications with mixtures of
pesticide formulations) are largely ignorg@riihl and Zaller, 2019Moreover, effects like the
avoidance of contaminated areahown in chapte2 would most likely be overlooked by current
pesticide risk assessment approachesitil appropriate guidelinesre establishedand the risk of
already approved pesticidasre-evaluated, the logical ewlusion under the precautionary principle
would be to manage agricultural areas completely without pesticiddafortunately, this is usually
not feasible in viticulture Still,it might be worthit to refrain pesticide applications when amphibians
are gaerally more active (e.g. during or shortly after rain events or after sunset) or when juveniles
emerge out of the waterAs we observed high plasticity in the pdsteding migration (chapter 1),
such a temporary renunciation of pesticides edonot, howeer, eliminate the exposure risk
completely, especially asome pesticidesare persisteh and do notbreak down immediatelafter

application.

One approacho reducethe risk of pesticides on natarget organisms like amphibiafs to replace
synthetic pestideswith organic substancess it is the case in organic farmingnfortunately, also

the effects of most organic plant protection products on terrestrial amphibians remain unclear, as
data on toxicity are lackingn chapter 2we tested four conventinal and three organic pestie
formulations in an arena choice experiment. Although we only foundrafiiant avoidance of areas
that were oversprayed with the three conventiongdrmulations, therewas also a trendf avoidance

of sulphur,which is ofen used in organic farming. ThuEso vineyards with organic management
might contribute to chemicallandscape fragmentatiorand might have negative effects on the
population and meta-population level The lack of avoidanaaf the copper formulation Fungan®
progress might have both positive and negative effe€n.the good sidethis means that copper
which is often used aa replacement for conventional fungicidé&essler et al., 201Bnd can thus

be found in vieyardsoils(Steinmetz et al., 2017inight not contributeto landscape fragmentation

On the otherhand, the lack of avoidanceeaults in potential exposuréo soils contaminated with
copper. Although we could not observe direct mortality in common toads exposed to the maximum
recommended field rate of Funguran® progress, sublethal effects céaroted out. Azizishirazi et

al. (2021)concluded in a reviesthat amphibians a& comparablytolerant against acute, but sensitive

to chroniccopperexposure. Althouglthis conclusioris based on data on aquatic exposuiemight

also be transferred tothe terrestrial life stage Copper is frequently applied in German vineyards,
making an accumulation of copper in soils and thus a chronic exposure of amphibians in agricultural
fields likely.In organic vineyards Southern Palatinatecopper concentrations arevo times higher

than in conventional vineyard¢Steinmetz et al., 2017)which ishigher than the lethal copper

concentration for terrestrial redbacked salamander®lethodon mereus, one of the fenamphilian
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speciedor whichtoxicity experiments witha terrestrial life stageand copper were conducte@azar

et al., 2009) The general trend tavardsorganic farmingWiller and Lernoud, 2019yvhich can also

be observedin viticulture (Provost and Pedneault, 2016; Willer and Lernoud, 2088)onsidered to
be advantageous for biodiversifiHole et al., 2005PuigMontserrat et al., 2017)However, the high
number of organic fungicides caiso have negative effects in some caggeiff et al., 2021)In
general, organic farming migbe also advantageou®r amphibians, but there is a lack of studtes
prove that (Randall and James, 2Z)1The risk of pesticides formulations used in organic farming

shouldthus alsobe evaluated in moreletailin the future.

Besidesreplacing conventional with organjgesticides,numerous studies proved that thgeneral
amount of applied pesticides cam beduced drasticallgPertot et al., 2017)For examplefungicides,
the most frequently used pesticide class in Central Euanpéneyardsthat are preventively used to
protect the plants primarily from powdery mildewElysiphe necatdr and downy mildew
(Plasmopara viticola(RoRBberg and Ipach, 201%an be reduced bplantingvine varieties that are
resistantor at leasttolerant against thesediseass (Fuller et al., 2014)Furthermore, srvices like
"VitiMeteo" (Bleyer et al., 2008use weather data and models for leaf development of vine to
forecast the occurrence of downy mildew in order to recommend wine farmers the optimal tihing
fungicide applicationsAnother example ishie smartphone appDOSAVINA(GIl et al., 2019vhich
calculates the optimalpesticide concentration and application volume based on the leaf density and
the sprayer type, resulting in eduction of the amount ofipplied pestides by 20%The use of
herbicides can usuallge completely abandoned in vineyards and replaced by cover cropping and
tillage In many regionsinsecticidesare frequently usedg.g. againstthe vine moth Eupoecilia
ambiguwella) or the American grapevineafhopper Ecaphoideus titanQsbut playonly a minor role

in German vineyardsin some casesmating disruption methodsare used to controlinsect
populations (Harari et al., 2007; Louis and Schirra, 20&Bveral tdies showed that a&omplex
landscapewith seminatural habitats promotes natural pest contrdtor examge, Barbaro et al.
(2017)demonstrated that the management type of vineyards, but dl habitat heterogeneity in
the surrounding landscapgupportsthe occurrence of insectivorous birdslso forthe abundance of
bats the structural heterogeneityaround vineyards,e. the presence of habitats likehrubs or trees

is important (Charbonnier et al., 20218uch remnantpatchesfurther increase the abundancef
predatory invertebrate{Thomson and Hoffman 2009)and are often used by amphibians litee
common toad as terrestrial habitéthapter J. In general, amphibiansanplay an important roldor
natural pest control in many types afjriculture(Civantos et al., 2012/alenciaAguilar et al., 2013)

but studies on their relevance i@ermanvineyards are lacking.
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In wealthy countries with digh income, a reduction dhe amount of appliegesticides can often
be achieved without a decrease of productivitg(crop output per hectare (Schreinemachers and
Tipragsa, 2012)However taking also middleand lowincomecountries into accounta correlation
between productivity and pesticide use can be fouwith anincreaseof 1.8% & pesticide use being
associated with an increase of 1% of crop output per hecf8ohreinemachers and Tipragsa, 2012)
Therefore, pliciesshouldbe establishedo ensure that adecrease in productivitgfter a reducion

of pesticidess not compensated by an increase of agricultural ae=gs bydeforestation(Grau et

al., 2005; Winkler et al., 202y drainage of peatlandéSwindles et al., 2019)

Amphibians play a crucial role amuaticand terrestrial food webs and represent an importdimk
between these two habitats. As they are the most endangered species group, comprehensive
conservation measures are required. In agricultural landscapeseed for conservation measures
isemphasised by theombination of landscape fragmentatiomel to avoidance of agricultural areas,
frequent pesticide exposure in the terrestrimhd aquatic habitat as Wleas resulting adverse effects
on individual physiological developmentRemnant stuctures like bushes, groves,lléavs and of
course also watebodies must be preserved and theajuality as aquatic or terrestrial habitat be
increased, especially for early life stages (chaptelbyur study on the habitat use of the common
toad, 95% of all relocations were within a distance of 756 m to the p¢ecithpter 1) This
correspondswith the results of ameta-analysis oRittenhouse and Semlitsq2007)in whichfrogs

had a 95% probability to be found within a distance 73 m (664 m when including newts)nd
most individualsvere found in a distane of 30 to 200 mThearea in a distancef up to 200 m might
thus be the most relevant foconservation measuregdowever,Rittenhouse and Semlitsq2007)
also concluded that relevant distances to a pond are spespesific and that measures have to
ensure a successful migration between different habitats when they are clumped in the laadscap
Creating new habitat patcheasround a pondwould increase landscape complexity and leadato
mosaic of habitats in favour of amphibians.Green corridors between populations and different
habitats would allowmigrating individuals to avoidgricultual and thus contaminated areas
(chapterl & 2) and to reduce their exposure risk (chaptervhile preventing thefragmentation of

the landscape and thuthe isolation of populations (chapter 3Non-crop habitats around a pond,
and of course a general redusti of pesticides, would further reduce the pesticide contamination
level in a pond and thusublethal effects like impairments of the reproduction capacity (chapter 4).
The call for moréneterogeneityand green corridors to protect amphibians in agricuiuandscapes

is an echo toseveral other amphibian studies on this topic (Bgissinot et al., 2019; Ghosh and
Basu, 2020; Guerra and Araoz, 2015; Hartel et al., 2009; Salazar et al., 2016; Sawatzky et al., 2019;
Vos et al., 2007)
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5. Perspective & future studies

All studies presented in this thesis are casadies focusing on only a few populations of a few
species in only one type of agriculture, which might limit the generalization of our results. Thus,
further studies are neededwhich extend the methodological approachet® get a deeper
understanding of tk situation of amphibians in agricultural landscapes to get basic datthat can

be used for developing a general pesticide risk assessment for amphibians.

To estimate the pesticide exposure risk of European amphibians in agricultural landscepes
studies on the spatiattemporal overlap of pesticides and amphibians in the field should be
conducted.Studies should take place in different types of agricultuieerebystudy areas should be
chosen based on the availability of pesticide application ditachapter 1 we usedtandard
telemetry technigues, whickvere used instudies on the common toasince the 80g¢van Gelder et
al., 1986; van Nuland and Claus, 1981e daily relocation of individuals is quite time consuming,
but the main e@wnside is that each relocation produces only one data point. Thus, movements
between two observationsare calculated as straight line, ignoring the actual movement path.
Movements that end in the same hiding plaas beforemight be overlooked completgl which
might lead to an underestimation of the activity and of thetual exposure risk. To countehese
limitations and to get more detailed data on the migration behaviour of amphibiamsy
technologies and methods will help ifuture studies. Initiatives like ICARUSInternational
Cooperation for Animal Research Using Spaga)to provide tracking devices that are light enough
to be used for small vertebratspecies, that have a highurability due to energy harvesting and that
allow continuous traking in almost reatime based on GPS aradreceiver in spacéCurry, 2018;
Wikelski et al., 2007)Wireless biologging netwaskwith tag masses between 1 and 2 g alfawa
high spatial and temporaksolution tracking even in closdthbitats(Ripperger et al., 202@nd 3D
accelerometers allovior the collecion of detailed behaviouand movementdata and evenfor the
estimaton ofthe energyexpenditureof an individua(Halsey and White, 2010n additon, there is a
recenttrend to use detection dogs tbnd amphibians in the terrestrial habit{GrimmSeyfarth and
Harms, 2019) This also includes newt&GrimmSeyfarth and Harms, 2019hich are hardly

considered in tracking studiesmdwhere dataon habitat usdsurgently neededDenoél et al.2013)

When data on habitat use and/or data pesticide applicatiarsnot available, differenproxiesfor
pesticide exposure can be usi&dfuture studies The easiest way to reveal a previous exposure is to
detect pesticides iman individualHowever this usuallyrequiresits euthanizatiorfor tissue sampihg,
which might limit the applicability of the method due to animal welfare or might restrict the study
design.As an at least notlethal but still invasivealternative, silicon passive sampling é®s can be

attached to the skin of amphibians to measure pesticide expostueently, this methodis still
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limited to short study periodbecausesampling devices get lost afterZlweeks(Yaw et al., 2017)
Instead of measuring the pesticides directly also enzyni@itimmarkersthat are linked e.g. tdhe
detoxification can be analysed. Most sampling probls are also invasive as blood or tissue is
needed, but for common wall lizardBd@darcis muraljsbuccal swabbinbas successfullyeen tested

as a nonnvasive alternativéMingo et al., 2019, 2016Adapting this approach to amphibians might
be promisingin future studies, especially whetlata on enzymatic activities are combined with
spatial data on théhabitat use (i.e. tracking data) of an individual.a recent studyRenoirt et al.
(2021) managed to use stablésotopesto assess agricwiral habitat use of the spined toad

(Bufospinosuk

With the arena choice experimein whichindividuals were filmed over 24 h (chapter R)esteda
novel, simple andnexpensivesetup to studythe avoidance behaviour of amphibians. However, our
study raised several questions that should be addressed in the future. For exaimpleuld be
interesting if individuals from uncontaminated source populatiors show the same avoidance
behaviar as the metamorphs from eontaminatedpond surrounded by vineyds as in our study
Future tests should also focus on more realistic scenasiosh as the use ohore natural soil with a
highercontent oforganic matter that had not been oversprayed directly before the.télsip testing
realistic application sequensewith mixtures of multiple pesticides instead of single formulations
would be interestingFinally field studies are needed tseeif results fromthe laboratory can be
transferred to thereal world and thus if avoidance opesticidesleads to chemicalandscape

fragmentation.

To answer the gquestignwhich effecs chemical landscape fragmentation has a amphibian
metapopulation large scaldandscape genetic studies are needed in study areas that consist of a
mosaic of agriculturdt used and unused pahes. Thereby it is crucitl knowthe management type

of the agricultural fields and especially the pesticide application schemes.
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6. Conclusion

The studies presented in this thesis contribute to the knowledge of the situation of amphibians in
agricultural landscapes, provide newsigh into topics hardly investigated before and everme up

with new methodologicalapproachesfor future studies.| could show that common toads use
vineyardsas habitaf but that they tend to avoid them (chapter 1and tha some pesticides
frequently used in vineyardare avoided ira laboratory setug{chapter 2). Further, found evidence

that viticulture leads to a fragmentation of the landscape (chapter 3) and tpasticides used in
viticulture might resultin impairmens of the reproduction capacity of amphibians (chapter 4).
However,l could also show that some agricultural ponds can be suitable habitats for some species,
although the quality of the aquatic and terrestrial habitat for early life stages should be gattea
(chapter 5).Despite findinchints for chemical landscape fragmentation in the laboratdryas not

yet able to provide a conclusive proof this concept inthe field. All presentedstudiesare case
studies focusing on single aspeofssingle specig in a narrow ecological context. Howeviesee our
results aspiecesof a jigsaw puzzle, and together with dozens of other studies, they add up to a
picture that is more and more complete. To protect amphibiawg, must find a way back to
heterogeneousagricultural landscapes that work without, or at leastith a drastically reduced
amount of (synthetic) pesticides.In the end, not only amphibians will profit frorextensive
agricultural landscapesvhich are mosaias of different habitatswith green corrigrs, but awhole
range of species groumich ashirds (Benton et al., 2002; Donald et al., 200Bats (Froidevaux et

al., 2017)or insects(Benton et al., 2002)Thus, conservation measures aimagamphibians might

bring us one step closer to the goals of t8d Biodiversity Strategy for 20@uropean Union, 2020)

whiche mphasi zes that we need nature in our |ives
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