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Chapter

1

General introduction




Arable plant vegetation — the ongoing conflict betwen agriculture and nature
conservation

There is hardly any ecosystem which is so markéaflyenced by human activity as
arable fields YAN CALSTER et al. 2008, ELENBERG & LEUSCHNER 2010). Since the
beginning of agriculture in Central Europe in theohthic, the vegetation accompanying
cultivated plants has changed repeatedlyrBcHTERet al. 1993). Until the middle of the
last century, agricultural fields were valuable itets for a variety of animal and plant
species preferring open landscapes. The diver§itheoarable plant flora is a historical
relic of past land management and gives testimdrye earlier increase in biodiversity
through extensive land use. Therefore, agriculhas created a high number of habitat
types which shape our cultural landscapes and arthweing protected (#ALD & KLAUS
2009).

In recent decades, increasing economic pressuretl@dresulting intensification of
farming practices has led on the one hand to isargayields of crop plants, but on the
other hand to a sustained loss of species in si@eacompanion flora (®ATE et al. 2001,
STORKEY et al. 2012). Several studies describe the partly dranstuctural changes in
arable plant communities throughout Central Europegy. from the Stolzenauer
Wesermarsch (FSEL 1966), Northern Hesse (Hze & VAN ELSEN 2006), Saxony-Anhalt
(HiBiG 1985), Austria (Rs 1992), Lower Lusatia (KAGE 1999), Slovenia (Sc &
CARNI 2005)and the Czech Republic ¢50sovA& SIMONOVA 2008). In fact, in no other
habitat type in Central Europe population sizes dnrsity of the vegetation have
declined as strongly as in arable landNBERG & LEUSCHNER2010). In many regions
the collapse of arable wild plant communities eeg&needs the tremendous losses which
were described for grasslands on mesic and wet @dftscHeet al. 2009, 2012, IRAUSE

et al 2011). Currently, around 120 of the approximaB8@ arable plant taxa in Germany
are considered endangerefMEISTER& GARVE 2006).

The diversity and population sizes of arable pldrage declined mainly due to increased
nitrogen fertilization rates (WsoN 1992, ROBINSON& SUTHERLAND 2002), effective seed
cleaning techniques PBHILLARI et al. 1999, HLBIG 2005), weed control with efficient
herbicides, simplification of crop rotations N&x et al. 2011, MeDIENE et al. 2011)and
homogenization of the landscape structuré¢boNALD & JOHNSON 2000,BAESSLER &
KLoTz 2006). Especially the widespread use of herbicifiesn the 1950s onwards
(SALESBURY 1961, ANDREASEN & STREIBIG 2011) and the introduction of the European



Union’s Common Agriculture Policy (CAP) as a mapniver of change in cropping
methods (BTTER1997, ANDREASEN& STRYHN 2008), resulted in increasingly rapid shifts
in the highly dynamic agro-ecosystemso(iANER & IMMONEN 1982).The also ongoing
abandonment of fields or conversion to grasslanbmsts affects those sites which were
traditionally under extensive management and tbeeebften represent the last retreats of

threatened arable wild plantsi{RCHEL-KANDEL 1988, MEYER et al. 2008).

Until shortly after World War 11, agriculture in Gaany was still characterized by a ‘low-
input-agriculture system’, which changed dramalycalith the beginning of agricultural
industrialisation in the 1950s and early 1960aUBRkAMPER 2004). Average nitrogen
surplus (N) on German agricultural sites increadanatically from 25 kg hayr? in the
1950s to around 110 kg har’ in 2005 (ELENBERG & LEUSCHNER2010). N input and
increased crop cover in addition to herbicide agpion is a key driver of vegetation
change in Central European croplands. In the d&50s, herbicides were applied on only
10% of the summer and winter cereal fields in Gewnaut herbicide treatment increased
to almost 100% in the mid 1980sL(ENBERG & LEUSCHNER 2010). Herbicide sales in

Germany increased by another 30% from 1994 to 2008vELTBUNDESAMT 2011).

In addition to management practices, environmefaiztbrs such as climatic and physical
factors (e.g. soil properties, elevation, tempemtyrecipitation) can act as important
determinants of arable plant diversity and specm®position as identified by several
large-scale phytosociological studies (e.@s@SovA et al. 2004, RNKE et al. 2012).

However, these surveys also showed that the foynpeonounced influence of geological
substrate on arable plant community composition mastly vanished today, because
uniform cultivation techniques have promoted theellgoment of largely similar arable

communities across a broad range of soil conditions

Furthermore, numerous studies report that landscapglexity and spatial aggregation of
conservation areas affect arable plant diversitysfEL et al. 2005, ROSCHEWITZ et al.
2005). In Germany, a dramatic landscape homogeoizéias occurred that can be best
exemplified by increased sizes of cropping fieltdean field size in Germany has
increased considerably, e.g. near Halle (Saale) ftd2 ha (1953/1957) to 12.2 ha (2000;
BAESSLER& KLOTz 2006), or in the administrative district of LeigZrom 7.0 ha (1965)
to 12.1 ha (1984; BRsSTKOTTER2003). In consequence, field margins as potergfaiges
for arable vegetationbDé Snoo 1997, utoIT et al. 1999) become more and more

unimportant from a spatial perspective. Moreovelarge fraction of the relatively high
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plant diversity in field margins is constituted plants from adjacent vegetation types
rather than from arable land@RERO et al. 2008, HSEMARIA et al. 2011).

The increasing fragmentation of suitable habitatshie intensively managed agricultural
landscape will affect arable plant populations tiglo reduced population size and
increased isolation. It is known that increasinghgaller population sizes in most arable
plant species have resulted in many species beaategarised as being threatened by
extinction (MATTHIES et al. 2004). It has been found that next to landscafeetsf genetic,
life history or environmental factors are the madnivers for these processes
(OosTERMEIJEREL al. 2003, LEIMU et al. 2006). Changes on the population level are
associated with an erosion of genetic diversity amtteased interpopulation genetic
divergence due to increased random genetic didtjaged inbreeding and reduced gene
flow (YOUNG et al. 1996, ANGELONI et al. 2011). Indeed, extinction threat is commonly
associated with detrimental genetic structuresie{AN et al. 2004). Lower levels of
genetic variation may limit a species’ ability tda@t to changing environments and thus
increase the extinction probabilities (e.goNlAY & JACQUEMYN 2007). Formerly
common species, which have become rare as thetredulrecent landscape
transformations, may be particularly prone to tHéots of habitat fragmentation
(AGUILAR et al. 2008). Up to now, arable plant species are stilllanrepresented in
population genetic studies, and genetic structima@ge just been studied in a limited
number of arable plants €8mIDT et al.2009,DELYE et al. 2010,BRUTTING et al. 2012).
Next to nothing is known on whether agriculturatemsification has affected extant
populations, and whether genetic structures vatwden differently structured landscapes.

The need for long term studies to analyze shifts iarable plant vegetation in Central
Europe

In Germany, the development of agricultural systefier World War Il was broadly
comparable to that in other European countriesc(afigation of farming enterprises on
either arable cropping or livestock farming), buvdlopment in western and Eastern
Germany differed from each other: In Western Geymagriculture still is dominated by
private ownership and small-scale, but intensiveniiag systems (BUERKAMPER 2004).
East Germany contrasted sharply, where transfoomaprocesses in the German
Democratic Republic (land reform, collectivisationgdustrial large-scale agriculture and
privatisation of agricultural land) resulted in giaagricultural holdings with large field
patches (BESSLER& KLOTZz 2006, Tm 2008). Although agricultural systems have become



more intensively managed during recent decadestim jparts of Germany, there are still
regional differences in habitat and species ditae(MOIGTLANDER et al. 2001). Thus, any
analysis aiming at a comprehensive picture of tiecaltural intensification effects on
arable plant diversity in Germany must cover défdrregions in both parts of the country.
Changes should be assessed against a common ceferghen conditions were still
relatively uniform; i.e. in the first phase afttetWordsl War II, before new agricultural
policies were introduced. One must therefore gk lzdideast four to five decades in time
in order to establish a baseline against which ¢beent biodiversity level can be

compared to.

The nonetheless apparent loss of diversity amorplarplant species in Germany
highlights the need for long-term conservationwaiigis on a national level. Unfortunately,
most conservation projects for arable plants haed after an often successful initial
phase. This failure was mainly due to the lack afgtterm financial coverage of the

running management and administrative costsy@# et al. 2010).

Therefore, the present thesis evaluated changesalsle plant communities on various
spatial scaleand on various organisational levels from the popalatio the community.

The objectives of the present thesis were as faliow

(1) to evaluate the impact of agricultural lan@ a® the threat status of plants adapted

to arable habitats on a European scale,

(2) to quantify the impact of agricultural intens#tion since the 1950s/1960s,
particularly in Central Germany, on arable plantowunities and on their species

richness and composition,

(3) to test whether landscape structure affectsgémetic structure and diversity of

remnant populations of selected arable plant spexid

(4) to assess both the effectiveness of currerersel and programs as well as new
potential long-term strategies that aim at the eoretion of arable plant diversity in

Germany.



Study design and chapter outline

All empirical data were collected in Central Germpame. in the federal states of
Brandenburg, Saxony-Anhalt, Lower Saxony and Tlgiin These cover a range of
conditions representative for northern Central Barowith different geological substrate
conditions (approximate north-south boundaries $2R6to 50°78’ S; approximate west-
east boundaries 9°11' W to 13°69° E). The studyaarns influenced by a

subcontinental/suboceanic climate with mean anawakemperatures ranging from 7.1°C

to 9.1°C, and a mean annual precipitation from 4®50ump to 750mm per year.

In the following section, the approaches, methodd aypotheses of this thesis are
outlined. A summary of the investigated hierarchieaels and employed methods is
compiled in Table 1.1. Chapter 2 to chapter 6 presbservational studies, questionnaire
and literature reviews conducted within the framewaf this thesis. Finally, in chapter 7,

the results are synoptically presented and disdyss®d general conclusions and future

perspectives are outlined.



Table 1.1.Overview of the conducted studies presented inteh&to chapter 6. Summarised are the investigatedictor and response variables, and methods

employed.

Predictor variables

Response variables

Methods

f
samples Experimental methods

Statistical methods

Level oftedy

Chapter 2

Wheat yield, herbicide
and fertilizer use

List of threatened arable species

Standardized

guestionnaire campaign,

literature survey

Descriptive analysis, generalized Country and
linear models (GLM), redundancycontinental

analysis (RDA)

scale

Chapter 3

Temporal change
(vegetation relevés)

Plant community classification,
phytosociological syntaxa

Observational study,
vegetation analysis
(100 nf relevés)

Descriptive analysis, Detrended Community
Correspondence Analysis (DCA) level

Chapter 4

Temporal change
(vegetation relevés)

Crop composition, plant community

composition and cover

Observational study,
vegetation analysis
(100 nf relevés)

Detrended Correspondence
Analysis (DCA), Repeated
measure ANOVA, indicator
species analysis

Community
level

Chapter 5

Landscape complexity,
Population size

Nei's genetic diversity (P, number
and percentage of polymorphic loci

(PPL)

Randomised block design:Principal coordinate analysis
(PCoA), analysis of molecular

Population

variance (AMOVA)

Population
level

Chapter 6

Current policies
(questionnaire and
literature data)

Review study:

guestionnaires, literature

survey

Descriptive analysis




In chapter 2, the impact of crop management arehsity of agricultural land use on the
threat status of plants adapted to arable hahitassanalysed on a continental scale. Data
from Red Lists of vascular plants were compiled asskessed by national experts from 29
European countries. The experts were asked toifgerdscular plant species that are
particularly associated with arable habitats, aladsified as threatened on the respective
national Red List. In addition, a second list oegps was compiled for each country,
which consisted of arable plants that were eitdentified as ‘near threatened’ or did not
appear on the national Red List at all, but stérevknown to be declining from on-going
surveys or expert knowledge. Finally, answers weguested on possible reasons for
national declines in arable plant diversity andpmtential conservation measures being
used to stop these declines. The relative thratsbf each species was assessed using a
specifically designed scoring system. National adttertilizer and herbicide use and loss
of arable land were obtained because the two faati@ntified in the questionnaires as the
main drivers of national declines in arable plamése increased use of agro-chemicals and
abandonment of arable land. It was hypothesisetl (tha@xplanatory variables can be
identified which can predict a ranking of countriésterms of the numbers of arable
species that are nationally rare or threatened,(i@nthat the relative sensitivity of arable

plant species to these variables can be quantified.

For chapters 3 & 4, long-term comparisons of hisgdrand current arable plant
communities were performed. Chapter 3 focuses gtopbciological shifts in arable plant
syntaxa. For this study, 392 fields from ten ddfar study areas in Central Germany that
were sampled by taking phytosociological relevéshim 1950s/60s, were re-sampled in
2009. The study areas represent all main subdipés, i.e. fields on sandy, loamy and
calcareous soils. On the basis of vegetation magpeecise descriptions of the study sites
provided in publications or field notes, the looatiof 392 relevés sites could be identified
at the field level and re-sampling was carriediot2009. One observational plot of 100m?2
was placed at least 10 m apart from the outernemst sow at the field margin to eliminate
any ecotonal effect and another plot was situategtttly on the field margin. We tested
the hypothesis that (i) agricultural intensificatiduring the last 50 years leads to strong
shifts in arable plant syntaxonomy and that (ii) stn@f the current relevés lack
phytosociologically diagnostic species, and cary did classified at the level of higher

syntaxa such as alliance, order, and class.



In chapter 4, changes in the arable flora of Cé@mmany were analysed on the level of
the regional species pool and also with respeg@idtlevel diversity. Here, we used the
same study design as in chapter 3, i. e. re-sampfiphytosociological relevés after 50-60
years. We tested if (i) agricultural intensificatibas resulted in a reduced diversity of crop
varieties on the landscape level and denser ceoplst leading to (ii) significant shifts in
the composition of the arable communities with Bitg losses in archaeophytic species
and increases in neophytic and Poaceae specwsaslfurther hypothesized that (iii) the

intensity of these shifts varies with the soil dvdne.

For chapter 5, effects of landscape configurationgenetic structure and diversity of
remnant populations of the two threatened araldatpdpeciedonis aestivalid.. and
Consolida regalisS.F.GRAY were analysed, using dominant amplified fragmenigth
polymorphism markers (AFLP’s). These effects weneestigated in six regions of 5 km?2
size in Central Germany, which were assigned to tifterent classes of landscape
structural complexity, i.e. monotonous (> 95%anéa being arable land) or structurally
diverse (< 60% of area being arable land). Witlanheregion, either five subpopulations
of A. aestivalisand C. regalis were selected at random, or all subpopulations were
investigated in case the number of populations smsller than five. Additionally,
population size was estimated for each sampledogubation. It was hypothesised that (i)
genetic diversity is low and genetic structuringpisnounced in isolated populations of the
arable plantA. aestivalisandC. regalisand that (ii) the extent of genetic structuring is

related to the degree of habitat fragmentatioh@fdndscape scale

In chapter 6, the current status quo of activilied programs for arable plant conservation
in Germany was analysed by using questionnairesaditdrature survey. Questionnaires
were sent specifically to institutions or to ottstakeholders (e.g. nature and landscape
conservation groups, open-air museums, local naiwmservation authorities) involved in
conservation of important arable plants areas,uting establishing and maintaining
special conservation sites. In addition to questi@garding data on habitat conditions and
arable species present, our survey focussed omabtaiicultivation practices and the
financial background of the conservation activiti€ountry-wide data on the history of
agri-environmental schemes dedicated to the coaservof arable plants in Germany
were also collected. The main aim of this revievs wa(i) review the status quo of current
conservation concepts for the arable flora in otde(ii) develop long-term strategies for

conserving typical arable plant vegetation typebrgmrtant Plant Areas (\WsoN 2007).
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Abstract

The impact of crop management and agricultural lasel on the threat status of plants
adapted to arable habitats was analysed using foata Red Lists of vascular plants
assessed by national experts from 29 European resinthere was a positive relationship
between national wheat yields and the numbers &, lareatened or recently extinct
arable plant species in each country. Variancehenrelative proportions of species in
different threat categories was significantly expda using a combination of fertilizer and
herbicide use, with a greater percentage of theuves partitioned to fertilizers. Specialist
species adapted to individual crops, such as #asx,among the most threatened. These
species have declined across Europe in resporaedduction in the area grown for the
crops on which they rely. The increased use of -agemicals, especially in central and
north-western Europe, has selected against a |gmgep of species adapted to habitats
with intermediate fertility. There is an urgent de®e implement successful conservation
strategies to arrest the decline of this functiyndistinct and increasingly threatened

component of the European flora.

Keywords rare weeds; agri-environment schemes; field margconservation; agro-

ecosystems
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Introduction

Vascular plants adapted to arable habitats are omdkdged to be among the most
vulnerable groups in national floras to land-usangfe, particularly in western European
states (KEWUN & VAN DER VOORT 1997, BAESSLER & KLOTz 2006, RIED et al 2009,
MEYER et al 2010a). For example, in the UK, of the 30 plgrgcies that have shown the
greatest decline between the 1960s and 1990s, i@@rpeare associated with arable or
other cultivated land EsToNet al 2002, SiLL 2007) and 24 are listed as priority species
on the UK Biodiversity Action Plan (www.ukbap.org)u However, the conservation
status of arable plants is also increasingly rgisioncerns in Eastern Europe, which tends
to have less intensive agriculturecdosovA 2003, EIAS et al 2005, INKE et al 2009).
Concomitant with national extinctions and increadbdeat to individual species, a
reduction in the overall weed seed-bank has alem lobserved over recent decades in a
number of European countriesqRRNSON& SUTHERLAND 2002, QUIRE et al 2003) as the

abundance of common species has also declinetvdn et al 2009).

Because the arable field is characterized by reglisurbance, the flora is dominated by
annuals that rely on regular replenishment of teedsbank for populations to persist.
These plants are therefore particularly sensitivehianges in land use or management that
reduce the proportion of the seed-bank germinasegdling survival or the number of
seeds per plant returning to the seed-bameCKLETON & WATKINSON 1998). A number

of management changes, which impact on differegest of the plant life cycle, have been
implicated in the decline of national arable plpopulations. These include the shift from
spring to autumn sowing, increased plant densitgg ahading by the crop canopy,
decreased crop diversity, increasing fertilizer hatbicide use (KEIUN & VAN DER VOORT
1997, WLsON & KING 2003, Moss et al 2004), and more efficient seed cleaning
(FIRBANK & WATKINSON 1986). While it is likely that there has been &uradance-based
mechanism to the response of arable plants towdignial intensification, with the most
infrequent species disappearing firstf®c et al 2005), there has also been a functional
response. That is, changes in management have astddters on the arable plant
community selecting against species with particdambinations of traits (BoTH &
SWANTON 2002, SORKEY et al. 2010). For example, the shift from spring to autu
sowing has reduced the regenerative niche for ataigpring-germinating species, such as
Galeopsis angustifoli&HRH. ex HOFFMANN andValerianella dentatgL.) PoLLICH in the
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UK (WiLsON & KING 2003), and increased shading by the crop canopystppressed

short species, such Bsiphorbia exigud.. and certain/eronicaspecies.

In response to national declines in arable plaverdity, as well as evidence of their value
as a resource to higher trophic groupsaRgHALL et al 2003, SORKEY & WESTBURY
2007), a number of European nations have includeiibres within subsidized agri-
environment schemes that encourage the arable flbnase include conservation
headlands and uncropped cultivated marginsL®&Rr et al. 2007). However, the value of
these options to the conservation of arable plaassbeen constrained by the low uptake
by farmers and limited geographical targeting teaarwith high arable plant diversity
(KLEIUN & SUTHERLAND 2003, SiLL 2007, WLSON 2007, BJTLER et al 2009). There is
therefore concern that European arable plants, @soap, will continue to decline,
particularly as agricultural production in Easté&tarope intensifies. This paper presents
data on the threat status of arable plants fronE@fbpean states, based on data from
national Red Lists, in combination with local expenowledge. As well as establishing a
benchmark against which future national trendsrable plant diversity can be assessed at
a European level, the data are analysed with résmedand-use and agricultural
management statistics to address two questionst, Fian explanatory variables be
identified that predict the ranking of countriestetrms of the numbers of arable species
that are nationally rare or threatened? And, secoad the relative sensitivity of arable

plant species to these variables be quantified?
Material and Methods

Data collection

An agricultural botanist was identified in each 2% European countries and invited to
complete a questionnaire. The experts were filkedso identify vascular plant species
that are particularly associated with arable land elassified as recently extinct, critically
endangered, endangered or vulnerable on theirnati®ed List. In addition, a second list
of species was requested from each country of enalahts that were either identified as
‘near threatened’ or did not appear on the nati®=al List but were known to be declining
from on-going surveys or expert knowledge. These deere particularly valuable for

states where the arable flora was traditionally emsrépresented in national vegetation
surveys, such as in southern Europe, or where fdR@e Lists were not available. Finally,

information was requested on reasons behind natitmwdines in arable plant diversity and
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any conservation practices being used to arresethkieclines. For three countries from
which completed questionnaires were not returneahfdy, Luxemburg and Ireland), the
authors consulted the respective national Red listebtain the data. In the case of
Ireland, this was supplemented by data from amerdbnsultation of nationally threatened

plants hosted by the National Botanic Gardensesaid (http://www.botanicgardens.ie).

A database was compiled from completed questioesadf all the plant species (sub-
species were not included) that were identifiedrable plants and were on the Red List or
considered threatened in any European countrydtttian, for each species, the wider
European distribution was also obtained from thdinenFlora Europaea database
(http://rbg-web2.rbge.org.uk/FE/fe.html), which wasso used to standardize nomen-
clature. Each cell in the matrix of species x coumtas then assigned to a category: (1)
species present in country but not on Red Listomisiered threatened, (2) species present
in country and considered threatened but not listedt least vulnerable on Red List, (3)
species identified on Red List as vulnerable tdicaily endangered, and (4) species
recently extinct. The relative threat status ofhesggecies was assessed using the following

scoring system:

_ (no countries in category 2) + (no. no countriesdtegory 3 x 2) + (no. no countries in category3)
species score =

(total no. of countries in which spEcpresent)

The following data on land-use and agriculturatistias for each European state in the
survey were were obtained from the FAOSTAT dataledighe UN Food and Agriculture

Organization (http://www.fao.org): total land swéaarea, proportion of land in arable
production and wheat yield for 2008 (the latestryfeawhich a full dataset was available;
Table 2.1). Wheat was used as a representativetarimglicate the level of intensification

as, in a previous analysis of correlates of agitucal statistics with farmland European
bird populations, it was found to be the most wydgtown crop and strongly correlated
with the yields of other cereal types@inLD et al 2006). In addition, data were obtained
on the two factors most commonly identified in theestionnaires as driving the national

declines in arable plants: increased agro-chem&aland abandonment of arable land.
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Table 2.1 Land use statistics for 29 European countried tsexplain variance in the national threat stafusrable plants. All data for 2008 unless indicit
Herbicide usage data calculated for all activeedgents registered for use on cereals. (-) datavaitable.

Land Area  Proportion Loss of Wheat Wheat  Herbicide  Cereal Herbicide Number of Number of

Country Latitude (1000 Ha) arable land arable yield Fertilizer a.i. weight area load species present species
land (ha) (kg N/ha) (1000 kg) (1000 ha) (kg/ha) in country threatened/rare

Austrid 47.3 8387 0.16 -0.21 5.69 97 336 845 0.40 169 102
Belgiunt 50.8 3053 0.28 -0.11 8.76 155 360 350 1.03 152 75
Bulgaria 43.0 11100 0.28 -1.98 4.17 60 128 1711 70.0 165 15
Croatia 45.2 5659 0.15 -1.75 5.48 - 154 561 0.28 2 18 45
Czech Republic 49.8 7887 0.38 -0.27 5.77 155 845 6115 0.54 166 84
Denmark 56.0 4309 0.56 -0.21 7.86 118 831 1513 0.55 115 56
Estonia 59.0 4523 0.13 -3.16 3.18 80 - 309 - 90 22
Finland 64.0 33842 0.07 0.14 3.64 85 706 1194 0.59 58 15
Francé 46.0 54919 0.33 0.06 7.10 161 4978 9618 0.52 187 9 6
Germany 51.0 35711 0.33 0.07 8.09 150 5460 7038 0.78 183 311
Greece 39.0 13196 0.16 -2.04 2.95 55 168 1189 0.14 154 13
Hungary 47.0 9303 0.49 -0.38 4.98 70 321 2973 0.11 168 38
Ireland 53.0 7028 0.16 0.91 9.06 150 - 314 - 64 28
Italy 42.8 30134 0.24 -0.96 3.87 85 606 4038 0.15 831 18
Latvia 57.0 6456 0.18 -1.14 3.86 75 118 544 0.22 90 27
Lithuania 56.0 6530 0.29 -3.36 4.27 91 241 1022 0.24 90 17
Luxemburg 49.8 259 0.24 -0.24 6.66 - - 31 - 145 68
Netherlands 52.3 4154 0.26 1.75 8.73 199 267 236 1.13 131 49
Norway 62.0 32378 0.03 -0.69 4.85 120 - 309 - 74 25
Poland 52.0 31268 0.40 -1.10 4.07 91 2670 8599 0.31 150 7 1
Portugdl 39.5 9209 0.11 -3.66 2.30 90 122 364 0.33 125 1
Romania 46.0 23839 0.37 -0.47 3.42 40 443 5182 0.09 168 10
Serbia 44.0 8836 0.37 - 4.30 - 411 1905 0.22 185 16
Slovakia 48.7 4904 0.28 -1.01 4.87 85 235 799 0.29 167 63
Slovenia 46.0 2027 0.09 -0.60 4.53 90 42 107 0.39 85 1 56
Spain 40.0 50537 0.25 -1.07 3.25 85 2545 6685 0.38 169 11
Swedeh 62.0 45030 0.06 -0.43 6.11 135 338 1078 0.31 107 3 3
Switzerland 47.0 4128 0.10 -0.16 6.01 140 268 156 1.71 176 137
United Kingdon 54.0 24361 0.25 -0.19 8.28 194 4372 3272 1.34 127 51

*Subsidised schemes available targeted at arabke-fi€alculated as annual change in arable land arparasntage of 1993 baseline from linear regresfimal to years 1993 —

*k

2008 (only 2000 — 2008 data available for Belgiurd auxemberg). - 2009 data
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Data on the rate of nitrogen fertilizer (kg Haused in wheat in 2008 across Europe was
obtained from a database held by Fertilizers Eurpeviously the European Fertilizer
Manufacturers Association; www.fertilizerseurop@go There is not an equivalent
common metric for herbicide inputs as rates wittestiaccording to the products used and
countries cannot strictly be compared like-for-likéowever, by using the weight of all
active ingredients used in cereals in 2008, thfecefwas minimized as it included a
diversity of products. These data were obtainechfeocommercial database of herbicide
usage across Europe (AmisGlobal, www.amisglobal)amd used to calculate a herbicide
‘load’ for each country by dividing by the area oéreals grown obtained from the
FAOSTAT database. The change in the amount of arébid in each country was
calculated using data from FAOSTAT on arable atsztsveen 1993 (the first year with
data on all countries except Belgium and Luxembarg) 2008. The amount of arable land
in each year was expressed as a proportion of 9888 baseline and a linear regression

fitted to the data to calculate the slope or anchahge.

Statistical analysis

The completion of the questionnaire involved a degyf subjectivity in identifying which
species on national Red Lists were particularlypeissed with arable habitats. To account
for this variability in the assessment of habitaference, the database was filtered to only
include species that were identified as rare oeadteaned arable plants in at least three
countries. This short list was used to analyser¢taionship of land use and management
with the proportion of the species present in eamimtry that were identified as rare or
threatened. For all subsets regression using dereztdinear models (GLMs) was used to
identify the model that explained the maximum Maitiey in the proportion of rare or
threatened species using only explanatory variabigs p < 0.05. As well as total land
area, proportion of arable land and wheat yield, dlierage latitude of each country was
also included in the analysis. Because fertilizeat herbicide use were both significantly
positively correlated with wheat yield € 0.86,p < 0.001 andr = 0.67,p < 0.001,
respectively) and with each other50.78,p < 0.001), they were not included in the GLM.
Using binomial distribution with a logit link funicn allowed the variability in the total
number of species present in each country (ranfgomg 58 in Finland to 187 in France) to
be accounted for. As opposed to a step-wise appradicsubset regression analysed all
possible combinations of explanatory variablesngishe adjusted® and MallowsC, as

criteria for comparing models.
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The effect of fertilizer and herbicide use on theniers of species in different threat
categories was analysed separately using variaadéigning in a redundancy analysis
(RDA) using CANOCO v. 4.5 software €bS & SMILAUER 2003). This enabled the
proportion of variance explained by collinear vahes to be quantified. The counts of
species in each category were log-transformed tamalardized by country, to construct a
similarity matrix of relative proportions, and irpmto an RDA with fertilizer dose and
herbicide load as explanatory variables. The vaadretween the countries that could be
accounted for by herbicide or fertilizers alone wgn tested by constraining the
ordination using each variable in turn while inghgl the other as a covariate and
comparing with the analysis using both as explayatariables. Data on fertilizers were
not available for Croatia, Luxemburg and Serbial herbicide data were not available for
the small markets of Estonia, Ireland, Luxemburg Biorway. In addition, only 2009 data
were available on herbicides for Latvia and Lithaall of these countries were excluded

from the RDA, leaving a total of 21.

Finally, a hypergeometric probability function wased to test whether any plant families
were disproportionately represented in the sheait df rare or threatened arable plants
(PILGRIM et al 2004). The function calculates the probabilityaoinumber of positive
results from sampling without replacement using foarameters, size of populationk,
number of items with the desired characteristicth@ populationn, number of samples
drawn; andx, number of successes in the sample. The total auwibspecies present in
the Flora Europaea (excluding Pteridophytes and i@gmerms), 10835, was input lds
For each family represented in the short list o€ rar threatened arable plants, the total
number of species in the Flora Europaea was olatgWeBs 1978),n. K was calculated
as the total number of species in the Flora Euraphat were on the rare or threatened
arable plant list anck as the number in the family being analysed thateware or

threatened.

Results

The database of rare or threatened arable plamigined 582 species. Of these, 193
species were either on the national Red Data bist®nsidered threatened in at least three
of the 29 European countries from which questiomsaiere returned. The most common
families represented in this short list were theryGphyllaceae, Asteraceae and

Brassicaceae, of which the Caryophyllaceae andskaseae were significantly over-
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represented when compared with the European flosand®ole. This was also the case for
a number of other families (Figure 2.1), particlyydhe Papaveraceae. The most common
genera weréd/eronica (eight species)Sileneand Bromus(both six species). The factors
most commonly identified as causing national dedim arable floras were increased use
of agro-chemicals and the abandonment of margiaat,| mentioned in 21 and 14
questionnaires, respectively. The latter was eaflgcassociated with Eastern European
countries. Decreasing crop diversity was the negstntcommonly cited factor (in ten
questionnaires), with particular emphasis placedhendecline of ryeSecale cerealé.)
and flax Linum usitatissimuni..) as major crops. Less commonly cited factorduided
irrigation, which was identified in the decline sffecies adapted to dry-land agriculture in
Spain and Portugal, and loss of stubbles in theciC&epublic, with implications for

species such &tachys annua.
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Figure 2.1 Numbers of species from each family represeméta short list of rare or threatened
European arable plants (cited in questionnairas fibleast three countries). The probability of the
over-representation of each family in the list wlvempared with the European flora as a whole,
calculated using a hypergeometric probability distion, is indicated: *p < 0.05, **p < 0.01, ***p

< 0.001.
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The comparison of countries in terms of the prdparof species on the short list that were
present in the country and identified as rare,atemeed or extinct revealed a concentration
of countries in central or north-west Europe witgher numbers of species (Figure 2.2).
The GLM that explained the most variance betweemties was wheat yieldRf = 46.5,

Cp = 2.2,p < 0.001), which had a positive relationship witie fproportion of nationally
rare or threatened arable plants (Figure 2.3).mbdel was not significantly improved by
the inclusion of any other explanatory variabletie Tonly other variable that had a
significant effect was loss of arable laqd=0.001 when included as the only explanatory
variable). However, this was negatively correlatetth the proportion of nationally rare or
threatened arable plants, indicating that interegifi@ of crop production is the main threat
to this group of plants. This conclusion was sufgabby the results of the RDA. When
both fertilizer dose and herbicide load were ineldidgh the constrained analysis, 33.4 per
cent of the total variance between countries inrtiative proportions of species in the
different threat categories was explainpd=(0.004; Figure 2.4). When the effect of the
two variables were analysed separately, includiegather as a covariate, 8 per cent of the
total variance was able to be partitioned to fierils alone and 2.8 per cent to herbicides
alone. The close correlation between the two vgmeant that the remaining 22.6 per

cent could not be partitioned to either.
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Figure 2.2 Comparison of European countries in terms ofpfaportion of arable plant species

occurring in the country (using the short list 88) that were identified as rare or threatened.
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Figure 2.3 Relationship between national wheat yields amdpttoportion of arable plant species
occurring in the country (using the short list ®3) that were identified as rare or threatened (y=
0.073x — 0.081R*=0.51).
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Figure 2.4 RDA analysis using fertilizer dose and herbidioied as explanatory variables on 23

countries where comparable data were available.
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Table 2.2 Species in short list of rare or threatened Eeaoparable plants (cited in questionnaires

from at least three countries) ordered accordinthéospecies score. Only the top 48 species are

presented (representing the upper quartile ofistle |

Countriesin ~ Countries in which specie
Species Family which species is is rare, threatened or ~ Score
present recently extinct

Bromus grossus Poaceae 3 3 2.00
Silene linicola Caryophyllaceae 6 4 1.83
Logfia neglecta Asteraceae 5 3 1.80
Cuscuta epilinum Convolvulaceae 25 16 1.64
Agrostemma githago Caryophyllaceae 29 25 1.62
Adonis flammea Ranunculaceae 18 16 1.61
Spergularia segetalis Caryophyllaceae 9 5 1.56
Adonis aestivalis Ranunculaceae 19 16 1.53
Scandix pecten-veneris Apiaceae 24 17 1.46
Lolium temulentum Poaceae 29 21 1.45
Camelina alyssum Brassicaceae 25 16 1.44
Vaccaria pyramidata Caryophyllaceae 23 16 1.35
Linaria arvensis Scrophulariaceae 18 9 1.33
Conringia orientalis Brassicaceae 20 13 1.25
Lolium remotum Poaceae 28 14 1.21
Asperula arvensis Rubiaceae 20 11 1.20
Bupleurum rotundifolium Apiaceae 23 15 1.17
Caucalis platycarpos Apiaceae 20 12 1.15
Bromus secalinus Poaceae 28 19 1.14
Galium tricornutum Rubiaceae 23 13 1.13
Turgenia latifolia Apiaceae 20 10 1.10
Ajuga chamaepitys Lamiaceae 21 12 1.10
Arnoseris minima Asteraceae 23 12 1.09
Androsace maxima Primulaceae 15 7 1.07
Adonis annua Ranunculaceae 15 9 1.07
Legousia speculum-veneris Campanulaceae 17 11 1.06
Neslia paniculata Brassicaceae 24 13 1.04
Legousia hybrida Campanulaceae 16 9 1.00
Roemeria hybrida Papaveraceae 5 3 1.00
Thymelaea passerina Thymelaeaceae 19 10 1.00
Misopates orontium Scrophulariaceae 24 12 0.96
Valerianella dentata Valerianaceae 23 12 0.96
Nigella arvensis Ranunculaceae 18 9 0.94
Adonis microcarpa Ranunculaceae 9 4 0.89
Melampyrum arvense Scrophulariaceae 25 13 0.88
Bifora radians Apiaceae 15 8 0.87
Filago pyramidata Asteraceae 15 6 0.87
Valerianella rimosa Valerianaceae 22 10 0.86
Papaver argemone Papaveraceae 27 13 0.85
Lathyrus aphaca Fabaceae 19 8 0.84
Centaurea cyanus Asteraceae 29 14 0.83
Anagallis minima Primulaceae 29 13 0.83
Ranunculus arvensis Ranunculaceae 28 12 0.82
Gagea arvensis Liliaceae 21 10 0.81
Silene noctiflora Caryophyllaceae 26 13 0.81
Hypochoeris glabra Asteraceae 28 10 0.79
Kickxia elatine Scrophulariaceae 23 10 0.78
Bromus arvensis Poaceae 27 13 0.78
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Discussion

The analysis of the threat status of European analahts provides further evidence of the
trend, established in numerous other studies, ef riegative impact of increasing
intensification of crop production on the biodiviersof agro-ecosystems @€Bs et al
1999, GIAMBERLAIN et al 2000, FOBINSON & SUTHERLAND 2002, FRBANK et al. 2008,
STOATE et al 2009). The ranking of species according to teeore (Table 2.2) showed
that those that are specialized to a single crepparticularly vulnerable, including some
that have coevolved to mimic morphological or pHegal characteristics of the crop
(HARLAN 1965, BAKER 1974, B\RRETT 1983). These include the flax speciali€isscuta
epilinum L. and Silene linicolaC. C. GMELIN, and cereal specialists includifdyfomus
secalinusL. andLolium remotumSCHRANK in rye, orBromus grossu®Eesrk ex DC. in
spelt. A number of these species, includtdinicolaandB. grossusare anecophytes with
no known natural habitats outside the cultivatetdfand are endemic to Europe. Several
other specific factors have been identified in literature as being responsible for the
decline of individual species, including improvexed cleaning foAgrostemma githagb.
(FIRBANK 1988), the loss of stubbles fStachys annu&. (PNKE & PAL 2009) and the
drainage of wet depressions that are typically miakd by arable plants with higher
moisture demand. These species have tended toneleati are already extinct across
Europe, irrespective of the level of intensificati@as a result of, for example, the reduction
in the area of flax grown or the use of cleanep@eed.

However, of potentially greater concern for araplant biodiversity at the national and
continental scale is the more general trend towHrdsntensification of agriculture with
the consequent biotic homogenization of the lanus¢BENTON et al 2003, MART et al
2006). The results presented in this paper sughertonclusions of previous studies that
eutrophication, either through atmospheric nitrogeposition or fertilizers, is one of the
major drivers of decreasing habitat heterogeneity species loss (KIIN et al 2009,
MASKELL et al 2010, Sevens et al 2010), and that declining species are spread
disproportionately across plant families, potettiabntributing to the phylogenetic shift
in the European flora (WTER et al 2009). Although greater variance in the threatust

of arable plants between countries could be atetbuo fertilizers alone as opposed to
herbicides when they were included in the sameyarsalit was not possible to fully
separate the effects of the two factors. It islyikkbat they have acted in parallel, with

herbicides reducing the overall niche for sustdmalpable plant populations in the context
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of a functional filtering of species through incsed fertility (UDING et al 2005). As well
as in-field management drivers, at a regional awallscale, landscape factors such as
field size, management of field margins and landeeamplexity have also been shown to
influence arable plant diversity MBRIEL et al 2005, B\eSSLER & KLoTz 2006,
MARSHALL, 2009). It is likely that countries with less ingéve agriculture would also have
smaller fields and more complex landscapes, althaimgas not possible to obtain data on
these finer-scale metrics with sufficient covertmgenclude them in the models used in this
study. However, loss of field boundaries was id@ttias a driver of arable plant declines
in seven questionnaires and field margins are goitant refuge for declining arable plant
species (RIED et al. 2009). A consideration of the landscape contdxtamservation
strategies will therefore be an important consitlenaat the regional scale.

As discussed above, the arable plants special@edlividual crops appear to be the most
sensitive to changes in cropping patterns. If ttigmeies are removed from the list, the top
of the ranking of species (Table 2.2) is then dat&d by species with a similar ecological
strategy, reflected in a relatively short statunel/ar a large seed, indicating a specific
ecological response to the drivers of disturbamae fartility (WesToBy 1998). Increased
seed size has implications for colonizing abilliging able to establish in less favourable
environments (TRNBULL et al 2004) and competitive ability, particularly foelbw-
ground resources RECKLETON& WATKINSON 2001, SORKEY et al 2010). Because of the
allometric relationship between mature biomass ardd production (BIYAMA &
Bazzaz 1998), species with a larger seed will also be fesund, making them less able to
buffer the seedling mortality from herbicides. Idddion, seed size has also been
negatively correlated with persistence in the desuk (THompsoN et al. 1993), further
selecting against these species as they are léssoabxploit ephemeral opportunities for
growth related to failures of weed control or cropation. A short stature will result in a
low competitive ability in dense crop canopies, vehécreasing fertilizer use means
nutrients are non-limiting and light is the mairs@arce limiting growth (GUDET &
KEDDY 1988, KEIUN & VAN DER VOORT 1997). As opposed to more characteristically
stress-tolerant ruderals (sensmi@& et al 1997), which may continue to persist in other
disturbed, less productive environments such astabareas, species with a combination
of short stature and large seed have been foubd swlapted to habitats with intermediate
fertility (STORKEY et al 2010) - habitats that are declining most rapidiyresponse to

increasing eutrophication of landscapes{®G et al 2005).
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Any continent-wide analysis of the threat statusuaible plants will be limited by the fact
that the procedure of compiling Red Lists does fodbw a uniform protocol across
different countries but involves partly subjectagsessment steps by experienced botanists
or state agencies that may differ. This may paeiplain the very high proportions of
threatened or rare species reported for SwitzeréartlGermany, in contrast to countries
such as The Netherlands and Belgium with similara and comparable levels of
intensification. These former countries have paléidy sensitive Red List criteria, where
all species that have shown recent population meglin a significant part of the country
are included. However, we expect this kind of biasbe restricted to a few central

European states, as the Red List criteria are siorgar in other countries.

In contrast to other taxa adapted to agro-ecosysthat have suffered declines in response
to agricultural intensification, particularly bird®ONALD et al 2006, BJTLER et al. 2010),
the rationale behind the conservation of arablatples less straight-forward. This group of
plants is traditionally viewed as an impedimenttop production, and a number of the
species on the list compiled in this study wouldoaé time have been serious weeds.
However, two reasons can be identified to arguetli@ preservation of these floral
elements. First, the similarity in the autecolodyttte most vulnerable species indicates
that the factors identified in this study are sysdéically removing a functionally distinct
component of the fabric of agro-ecosystems. Manyhese plants are now restricted to
arable habitats, and continuing declines in cropjmdds will therefore result in a loss of
plant functional diversity at a national and coatital scale, with possible consequences
for the specialist fauna they supportg&oN et al. 2006). Second, the decline in diversity
of arable plants has happened in parallel with eredese in total abundance of plant
resources in the agro-ecosystenDgRISON & SUTHERLAND 2002, PTTS et al 2009)
implicated in the decline of invertebrates and $ifGHAMBERLAIN et al 2000, MARSHALL

et al 2003). The loss of arable plant species frometin@ronment is therefore indicative
of a wider degradation of the agro-ecosystem. Amghér erosion of plant functional
diversity in the agricultural landscapes of Europay also limit the adaptability of these

ecosystems to future changes in climate or landagpament.
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Conclusion

The study has identified a suite of plant species aire already extinct or particularly
vulnerable at a European scale to the increasitegsification of agricultural production.
Many of these plants are still relatively commorcountries where agro-chemical inputs
are modest compared with those with the highestaiviields, but these countries have
still observed declines in floral diversity in resse to changes in the types of crops
grown, abandonment of arable land or re-intengiboaof former marginal arable land for
the production of biofuels/bioenergy NMMERMANN 2008). We contend that threatened
arable floras have an intrinsic ecological valust fhstifies measures to preserve them, and
the habitats with which they are associated, in digeicultural landscape. This will
inevitably involve establishing refuges on margiteald, generally characterized by less-
fertile soils where crop competition and agro-chehinputs are reduced @MER et al
2010b). Field margins in intensively cultivated danapes, subsidized by national agri-
environment schemes, will have an important rolpl&y in this regard (MRSHALL 2002,
FRIED et al 2009). However, agri-environment options targetedrable plants tend to be
unpopular with farmers, and field margins are, layure, ephemeral, and vulnerable to
changes in subsidies and market forces. More extepsojects that identify the nationally
important areas for arable plant communities andement measures to conserve them on
a landscape scale are therefore more likely toreleh long-term solution (WsoN 2007,
MEYER et al 2010a).
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Abstract

In much of Europe, the intensification of cultivati practices since the mid-20th century
has greatly increased crop yields but, at the dames caused dramatic biodiversity losses
in arable fields. We investigated the extent okehkosses at the plant community level in
ten regions in Central Germany with different sdiithate conditions and a wide range of

arable plant communities.

We compared plant community inventory and compasitof arable fields in the

1950s/early 1960s before the onset of agricultumdlistrialisation with the situation in

2009 by re-sampling 392 arable fields in the imterand at the margin. Community
inventory of historical and recent fields was comggaby manual classification, species
composition by Detrended Correspondence Analysi€AD and species richness by
ANOVA.

In most recent arable fields we found severely wegpished vegetation, especially in
character species of lower syntaxa (associatidianees). Only 5% of the recent relevés
were assignable at the association level, and e 16 associations recorded in the
historical relevés could no longer be found. Ind{e&6% of the recent relevés could only
be classified at the level of the class Stellaaeteediae, and 7% were not assignable to
any class. Although the impoverishment of vegetatias slightly less pronounced at the
field margins (where 24% of the recent relevés @dag assigned to associations), they
could not compensate for the dramatic overall hiediity loss. The present-day arable
plant communities in the area are species-poorsisting of common, often herbicide-
tolerant generalist species, with no clear prefegeior cereal vs. root crops, autumn- vs.
spring-sown crops, or base-rich vs. base-poor.sbhss is maybe the first study which
demonstrates the decline of an entire vegetatiasscbver a large area. The present
classification system for arable plant vegetatioi€entral Europe needs to be amended to

accommodate present-day vegetation.

Keywords agricultural intensification; arable weed comntigs; Germany; residual plant
communities; long-term shifts; plant community tower; relevés; segetal vegetation;

species richness; Stellarietea mediae

35



Introduction

Since the Neolithic, a specialised flora and faures colonised Central Europe’s
agricultural fields and adapted to the conditiohdowav-intensity agriculture (ALD &
KLaus 2009). Depending on the cultivation regime as vadl edaphic and climatic
conditions, arable vegetation has been classifigtd dormally described as
phytosociological communities, arranged in a heraal system (HPPE& HOFMEISTER
1990). This system is used for various objectiveduding basic ecological research,
agronomic bioindication and conservation initiaiv€HOFMEISTER & GARVE 2006,
BELLANGER et al 2012). Today, area of arable land in Germany ansoto 35% of its

territory (BMELV 2010) indicating the relevance fimiodiversity conservation.

The close dependence on management renders atablecpmmunities sensitive to land
use intensification. This has led to structurathpoverished agricultural landscapes and a
severe decrease in biodiversity ASRIEL et al 2005, ROSCHEwITZ et al 2005).
Intensification is ongoing due to further expansanfield area for e.g. bioenergy crop
production (DAUBER et al 2010), perpetuating the decline of taxonomic adl vas
functional diversity (BCHARNTKE et al 2005, KEIN et al 2009, RIED et al 2010).
Currently, about 120 of the approximately 350 aggiant taxa in Germany are considered
endangered (BFMEISTER& GARVE 2006,ELLENBERG & LEUSCHNER 2010), and arable
plant communities now rank among the most threateregetation types RINWALD
2002, HLBIG 2007,MEYER et al 2008).

In Europe, changes and diversity loss in arablddivere found in many studies (e.geR
1992, STOATE et al 2001, PTTS et al 2010, SORKEY et al 2012). In Germany this
process has been observed since the 1950s/6@sDANN 1950, TUXEN 1962) and
numerous studies examined the often dramatic spégsses in arable vegetation (e.qg.
ALBRECHT 1989, HLBIG & BACHTHALER 1992, B\ESSLER& KLOTZ 2006, KOHLBRECHER
et al 2012). Several reports describe changes in thigleaflora from a local or regional
perspective, and almost all of them compared foraral recent vegetation of different
fields. Very rarely have authors re-sampled the esgiots as in the historical study
(permanent plot design) or the same fields (semmpeent plot design; e.gUSCLIFFE &
KAy 2000, NN et al 2011). Large-scale studies on several hundredsted covering
different environmental conditions are in generatlye (but see ¥BRECHT 1995 and
MAJEKOVA et al. 2010 for two exceptions).
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Until the 1950s, agriculture in much of Europe wessed on a low input of external
resources. This changed dramatically in the 195@searly 1960s (e.g. BERKAMPER
2004, KRALY et al 2006), when new agricultural practices such abitile application
came into general use A&SBURY 1961). In the same period, field size increased
considerably leading to a reduction of field masgas potential refugia for arable plants
(FRIED et al 2009). Most associations and alliances of arpldet communities were
described before agricultural practices were carally transformed i.e. between 1930
and 1960 (RNNwALD 2002), and as a consequenceuB-HooL (1966) predicted and
described fragmentary arable plant assemblages asidual communities
(‘Restgesellschaftgrin the mid-1960s.

In the present study, we examine shifts in araldatpcommunities on (semi-)permanent
plots during the last five to six decades, thusecioygg the most recent period of agricultural
intensification. Working in different regions anch @lifferent substrates, we tested the
hypotheses that (i) agricultural intensificationridg the past 60 years has resulted in a
decline in species richness and in a fundamenthgdh in species composition; and (ii)
that diversity loss in arable fields is not meralglisplacement of species from the field
interior to its margin. We also testedriv-HooL's (1966) prediction that (iii) species
impoverishment is disproportionate; diagnostic sggeof the lower ranks of syntaxa
(associations, alliances), considered as spesialissappear more rapidly than those of
higher-rank syntaxa (orders, classes) or otherrgésiespecies. We further assessed (iv) if
the plant communities currently found in arableldée are simply the result of a
degradation along the hierarchical syntaxonomitesys(associatior— alliance residual
— order residuat> class residual) or represent a complete new caatibmof species.

Materials and Methods

Study area

This study was conducted in ten Central Germanoregextending about 335 km east-
west and 240 km north-south, and located in foum@a Lander characterised by sub-
oceanic (Lower-Saxony) to sub-continental (Saxompalt, Brandenburg and Thuringia)
climatic conditions (Table 3.1). The mean annualt@nperature at the sites ranges from
7.1° Cto 9.3° C, and the mean annual precipitdtiom 475 mm to 727 mm @EVUTSCHER
WETTERDIENST2012; www.dwd.de). Four of the ten regions were itaited by sandy,

three by calcareous and another three by loamy. soil
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Sampling design

We retrieved historical vegetation records from Banhold Tuxen Archive (Hanover),
the archives of the Herbarium Haussknecht at thigddsity of Jena and the Department of
Geobotany at the University of Halle, as well asrirprivate relevé collections (see Table
3.1 and Acknowledgements). A total of 392 relewvésifthe period of 1951 to 1962 were
selected and their locations identified at the ll@fdield parcels using maps and locality
descriptions provided in the original publicatianshuscripts or on the relevé sheets. Re-
sampling on the same field parcels was carriedrosummer 2009, as with the historical

relevés just before harvest when most arable ptastfully developed.

All historical records had been sampled in thedfiglteriors. Therefore, we placed our
plots at least 10 m from the field margin, and ddional plot at the field margin (up to
the most marginal crop row). Recent samples wéwntan nested plots of 25, 50 and 100
m2 but for comparison of historical and recent pkbie size of the given historical plot was
decisive (mean plot size 65 m?2). Relevés were saanpking the method of RBUN-
BLANQUET (1964) as in the 1950s/60s. All vascular plantcssewere recorded but crop
species were excluded from further analysis. Noatme of species followsAGER

(2011) and nomenclature of syntaxa is accordingiere& HOFMEISTER(1990).

Data processing and statistical analysis

Relevés were stored in a TURBOVEG databaseN{BKENS & SCHAMINEE 2001) and
plant synonyms were mergedh{$BEN & DENGLER 2008). In a few cases, plants could be
determined to the genus or family level only. Thesse included in species richness
analyses but not in the multivariate analysis cécggs composition. For the latter, we
applied Detrended Correspondence Analysis (DCA)swuggested by a relatively high
beta-diversity (gradient length on first DCA axts2 s.d. units, see &CUNE et al. 2002).

To calculate the median cover of each speciesarhistorical and recent relevé subsets,
the Braun-Blanquet classes were replaced by ortliaatformed cover-abundance
percentages, i.e. the median of the respectiveradass with r=0.1%, +=0.2%, 1=2.5%,
2m=5%, 2a=10%, 2=15%, 2b=20%, 3=37.5%, 4=62.5%, &r87.5%. We tested
differences in species richness between histoaca recent plots separately for each
community (see below) with ANOVA after ensuring mail distribution and equal
variance by visually inspecting the distributiontbé residuals (NN & KEOUGH 2002).
Although multiple testing involves the risk of tyfeerror inflation, we nonetheless report

the uncorrected significances for the ANOVAs of itt@ividual communities, which may
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Table 3.1 Details of the ten study areas on three diffeseiltsubstrates, including the number of arablddisurveyed in the 1950s/1960s and in 2009.

Area Federal state Coordinates  Mean annual Mean annual Elevation  Prevailing Year of No. of  Source of historical records
(WGS 1984) precipitation  temperature (ma.s.l.) substrate historical repeated (all unpublished)
(mm) (®) records relevés
Reese Lower Saxony N 52°34’, 654 9.1 25-40 sand 1951 31 E. Preising, 1952, Refl
E 09°03’ Archive Hanover
Berkhof Lower Saxony N 52°36’, 673 8.9 25-40 sand 1955 38 W. Jahns, 1957, R. Tiixen
E 09°43 Archive Hanover
Nedlitz Saxony-Anhalt N 52°03’, 565 8.8 90-120 sand 1956 46 H. Jage (Kemberg)
E 12°16’
Luckau Brandenburg N 51°51’, 560 8.5 40-125 sand 1960/61 39 W. Fischer, H.-wkch &
E 13°45’ H. lllig (Luckau)
Gottingen Lower Saxony N 51°28’, 727 8.7 160-225 loam 1960 37 W. Ernsting, 196 iken
E 09°54’ Archive Hanover
Erzhausen Lower Saxony N 51°53’, 644 8.8 100-330 loam 1959 45 Anonymous, R. Tuxen
E 09°55’ Archive Hanover
Halle/Saale = Saxony-Anhalt N 51°32’, 475 9.1 75-140 loam 1958 40 G. Plass, 1960, Henari
E 11°54’ University Halle/Saale
Hachelbich  Thuringia N 51°20’, 542 8.3 180-320 limestone 1956/57 39 E.M. Wieddnrb960,
E 10°55’ Herbarium Haussknecht Jena
Plaue Thuringia N 50°47’, 487 7.1 295-520 limestone 1959-62 37 W. Hilbig, bégium
E 10°54’ Haussknecht Jena
Saaletal Thuringia N 50°58’, 590 9.3 170-350 limestone 1959-61 40 W. Hilbig, béeium
E 11°40 Haussknecht Jena

Climate data from German National Meteorologicaivi®e, DWD, based on the reference period 1961-1990
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serve as additional information in an exploratoiydg (ROBACK & ASKINS 2005). Post
hoc comparisons within communities were, however, Waled with Tukey tests. All
standard statistical analyses were conducted &H®S 15; multivariate analyses were run
with PC-ORD (McCuNE & MEFFORD2011).

Allocation of relevés to syntaxa
Our syntaxonomic reference system places the viegetaf arable fields within the class

Stellarietea mediae (see Table 3.2). Impoverishabla vegetation, treated as ‘residual
communities’, was allocated at the level of all@norder or class, respectively. In total,
our study comprises 16 out of the 20 arable plasb@ations in Germany listed bykbE

& HOFMEISTER(1990).

Table 3.2 Hierarchical reference system and ecology oflanalant communities.

Class Stellarietea mediae
Order 1: Sperguletalia arvensis: on base-poor soils
Alliance 1: Aperion spicae-venti: autumn-sown crops on bas@m-pnd sandy soils
(Ass. 1-4; see Table 3.3)
Alliance 2: Digitario-Setarion: spring-sown crops on moréess base-poor sandy soils
(Ass. 5-10)
Alliance 3: Polygono-Chenopodion polyspermi: spring-sown srop loamy soils (Ass. 11)
Order 2: Papaveretalia rhoeadis: on base-rich soils
Alliance 4: Caucalidion platycarpi: autumn sown cereal cr@ss. 12-13)
Alliance 5: Fumario-Euphorbion: root crops or spring-sowreeds (Ass. 14-16)

Relevés were allocated manually because numerigptoaches proved difficult for
classification of residual communities at differeanks. Criteria were based on diagnostic
species following the coherent classification systef crop vegetation in Germany by
HUPPE& HOFMEISTER (1990), slightly modified by &userTet al (2001). Relevés were
assigned to an association if at least one charapexies of the given association (AC)
was present, and if at least 10% of the allianaratter species (VC) and order character
species (OC) were present. In rare ambiguous caeé=/és were assigned to that
association with which they shared most AC spedifesven this did not yield a clear
result, the cover of diagnostic species was asdesse supplementary criterion. In the
absence of association character species, theattlncof relevés to a given alliance was
based on the presence of at least 5% of the VCiespand> 5% of the OC species.
Allocation of relevés to a given order required teeurrence of 5% of the listed OC
species. Relevés were assigned at the level ofld#ss if none of the above criteria was
met and if at least one character species of tassqKC) was present; otherwise relevés

were considered as ‘non-assignable’.
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Results

Changes in overall species richness and vegetatomposition
The total data set comprised 466 taxa excluding tdantified to the genus or family level

only, but including crop volunteers. In the 1950%/6a total of 308 species were recorded,
while 379 species were found in 2009; in the fielgeriors 235, and at the field margins
361. 222 species occurred in both inventories; 8Gwestricted to the historic dataset and

158 to the recent dataset.

Plant community composition largely differed betwebe two sampling periods along
DCA axis 2 which was strongly correlated to crowaroand height (Figure 3.1). Field
interiors and margins in the 2009 data were neitliféerentiated along axis 1 nor axis 2.
The first axis separated the historical recordsfsandy, loamy and lime stone substrates

(data not shown). The recent relevés showed a egldeariation along axis 1.

1 @) | M Fieldinterior 1950s/60s b) B Suppl. Variables
[] Field interior 2009 A Centroids of sample groups g:;r
A Field margin 2009 ,,’ﬁ;\ 1 O 1950s/60s
- uf
e o g 1o\ o \
et 17y ) - \
Ll o 1 \ \

L

Axis 2

-7

\

-1 Axis 1 6 -1 Axis 1 6

Figure 3.1 DCA of all 1176 vegetation relevés. a) Samplesgified by field position and period.
b) Same ordination and classification (envelopedt); supplementary soil and structural variables
fitted post hoc(cut off value r>=0.1) on the ordination plot (eowalues transformed y=log(x+1);
Eigenvalues / length of gradient: axis 1, 0.4&/ &xis 2, 0.34 / 4.2; axis 3 (not shown), 0.207) 4
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Shifts in syntaxa inventory
In the historical data (with only field interioraerds), 293 relevés (75%) were allocated at

the level of associations, and a further 92 (24%ha level of alliances (Table 3.3). In
contrast, the recent data set included only 19vésld5%) assignable at the association
level and 77 (20%) at the alliance level, while 2@&vés (76%) were more severely
impoverished, among which 27 (7%) could not everagggned to any class. For arable
plant communities of base-poor soils, the ratioMeen relevés classified at association
level and fragment communities turned from 5:1he 1950s/60s to 1:4 by 2009. The
respective ratios for base-rich soils were 4:himhistorical and 1:10 in the recent data set.
Associations characteristic for root crops or gpgown cereals were found in 127
historical fields but only in three recent fieldsd plant communities typical for autumn-
sown (cereal) crops were found in 166 historicallds but only in 16 recent fields. Of the
16 plant associations recorded in the 1950s/60®ssiociations were not recorded again in
2009, and most others considerably declined inueaqy (Figure 3.2, Table 3.3). Most re-
sampled field interiors underwent a shift to leasrowly defined syntaxa at higher ranks,
chiefly to a class-level residual community. 64%led historical stands of the acidophytic
association Teesdalio-Arnoseridetum minimae wepaoed by an impoverished
class-level residual community, while the basoghyithlaspio-Veronicetum politae
disappeared completely being mostly replaced byingpoverished class-level residual
community (79%). Stands of the association Cauaalfdlonidetum flammeae on
base-rich soils were replaced now at most siteddss-level residual stands (71%) or non-
assignable assemblages (8%). The four associatithghe highest transformation rates
to residual communities belonged to the alliancemu€alidion platycarpae and
Fumario-Euphorbion on calcareous or loamy soil. [Dleest transformation rates were
found in the Aperion spicae-venti and the Digitai$@tarion on sandy soil. At the
alliance level, the Caucalidion platycarpae seemiset most badly affected; 77% of
the historical stands were replaced by stands ssg@able to this alliance today. At the
field margins, syntaxon turnover was less pronodriban in the field interiors. Of sites
with historical relevés assigned to associatioelle24% and 39% in 2009 still represented
associations and alliances, respectively. The AphMatricarietum recutitae achieved
the same frequency in field margins of 2009 ashi@ 1950s/60s field interiors. The
Papaveretum argemones is nowadays more frequéetdmmargins than formerly in
the interiors. It is the only association whichragesed in extent (though not in species

numbers — see below), at least at field margins.
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Table 3.3 Relevé numbers of arable plant communities in 1880s/60s (field interior) and in
2009 (field interior and field margin). Plant commities are allocated to syntaxa of different
hierarchical ranks: Ass. = association (lowest yarkAll. = alliance — order— class (highest
rank). Communities not assignable to associations wereatkd to higher-ranked syntaxa and
denoted res. comm. = residual communities. Uppese caalues indicate the relative
decrease/increase in relevé numbers assigned iteea gyntaxon for field interiors between the
1950s/60s and 2009.

1950s/60s 2009 2009
Field interior  Field interior  Field margin

Communities on base-poor soils
Autumn sown crops

Ass. 1 - Teesdalio-Arnoseridetum minimae 59 190 1
Ass. 2 — Papaveretum argemones 24 g 34
Ass. 3— Aphano-Matricarietum recutitae 19 6% 19
Ass. 4 —Holco-Galeopsietum 7 s 1
All. 1 — residual community Aperion spicae-venti 43 407" 66

Root crops or spring-sown cereals
Ass. 5 —Setario-Galinsogetum parviflorae 3 71 2
Ass. 6 — Digitarietum ischaemi 11 6 0
Ass. 7 —Spergulo-Echinochloetum cruris-galli 5 1% 1
Ass. 8 — Setario-Stachyetum arvensis 1 199 0
Ass. 9 — Spergulo-Chrysanthemetum segetum 1 ) 0
Ass. 10 — Lycopsietum arvensis 8 ) 4
All. 2 — residual community Digitario-Setarion 9 o 23
Ass. 11 — Chenopodio-Oxalidetum fontanae 1 01 1
All. 3 — residual community Polygono-Chenopodion 3 1 1
Order 1 — residual community Sperguletalia arvensis 0 0° 0
Communities on base-rich soils

Cereals or autumn sown crops
Ass. 12 — Papaveri-Melandrietum noctiflori 33 A 15
Ass. 13 — Caucalido-Adonidetum flammeae 24 190 4
All. 4 — residual community Caucalidion platycarpi 10 10° a7

Root crops or spring-sown cereals
Ass. 14 — Soncho-Veronicetum agrestis 4 190 0
Ass. 15 — Thlaspio-Fumarietum officinalis 13 ! 3
Ass. 16 — Thlaspio-Veronicetum politae 80 1% 7
All. 5 — residual community Fumario-Euphorbion 27 % 15
Order 2 — residual community Papaveretalia rhoeadis 1 15+140¢ 43
Class residual community Stellarietea mediae 5 25349 102
Residual community non-assignable 1 Wah 3
Total number of relevés 392 392 392

43



.:m_wwm JOU "WWoI ‘sal

“ubBISSE Jou "WWod "sal |/
SSBJO "WWO0D 'S8l ¢

res
comm
not assign.

SSE[O 'WWOJ 'sal
0 "WWoo "s8l
3P0 “WIWO: 19pJo “WWod "8l
1) ol w
8 ]
& ® 5
= < 2] = ¥
© m ®© o
.M .
£ : IS
£l « € €«
Q € Q
s} 8 o
% . @
o| 7] o
2 b <4
-
IV
9 Ey .
o £T
[o N4
¢oo
o) o 10
- —
3 N 3
™
™ ™
- —

1 2
res. comm. alliance

association

4 5 6 7 891011 12
association

4 5 6 7 891011 12

association

3
3

2

12 34567 8910111213141516

n %)

B3 3 B4 3
~ [} ~ o

[e)] o [e)] (@]
© 39 I o] =9 I

res.

res.
comm.
class not assign.

comm.

comm.
order 2

res. comm. alliance

1

44

3 4567 891011 12 131415 16
association

2
Figure 3.2 Turnover in syntaxa of arable fields between 1B80s/60s and 2009. a) Comparison of

from the 1950s/60s with field margins from 2009a&{ shading indicates associations while other
levels of shading show impoverished residual comitias (res. comm.) of alliances (dark grey),

orders (pale grey) and the class (white) (the beigh syntaxon the higher it is impoverished). Most
strongly impoverished vegetation not assignableanyg class is also indicated in white. For the

field interiors from the 1950s/60s with field intans from 2009, and b) comparison of field intesior

hierarchical system of syntaxa and syntaxa nanme$alle 3.2 and 3.3.



Changes in species richness
In the field interiors, mean plot-based speciebméss decreased significantly for nearly all

syntaxa, irrespective of whether, in the 1950s/@0spmmunity was already impoverished
(residual community) or not (association, Figurgda}. Compared to historical field interiors
recent margins showed a reduced richness onlysocagions of the order Papaveretalia
rhoeadis on base rich soils (Ass. 12-16; Figurg B not in associations of the order
Sperguletalia arvensis on base poor soils (AssO 1rlFigure 3.3). In recent field
margins representing the association Digitarietismhiaemi and the Digitario-Setarion
residual community (belonging both to the alliafiXigitario-Setarion), species richness
was even higher than in the respective historietg. In vegetation on base-rich soils
allocated to the Papaveretalia rhoeadis (Ass. }3{iécies richness decreased by 76% +
3.1%, while those of the Sperguletalia arvensibgasge-poor soils (Ass. 1-10) decreased
by 50% = 7.5% (Figure 3.3b). In contrast, in thet&e-Galinsogetum parviflorae
(Ass. 5) and the corresponding alliance residuathef Digitario-Setarion (All. 2 res.
comm.), species richness was higher in field margin2009 than in the field interiors in the
1950s/60s indicating local species increase imggodwn crop communities on moderately

alkaline soils.

Shifts in frequency and cover of diagnostic species

The diagnostic species of the class Stellarieteadiae had declined considerably in
frequency and cover across the different commungiece the 1950/60s (see Appendix Table
S3.1 in Supporting information). These losses veoee pronounced in field interiors than at
margins. Significant reductions of cover of diagiosspecies were observed for the
Papaveretum argemones, Thlaspio-Fumarietum officsnaand Thlaspio-
Veronicetum politae as well as in the residual camities of the alliances Aperion
spicae-venti, Digitario-Setarion, Caucalidion plaéypi, and Fumario-

Euphorbion, of both orders and of the class.
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Figure 3.3 a) Species richness per plot of different argibdat communities in the 1950s/60s (field
interiors) and corresponding plots in 2009 (fiefderiors and field margins), and b) the relative
decrease/increase of species richness betweer®8s/60s (field interiors) and 2009 (field intesor
and field margins). Only communities with3 samples were compared (for sample sizes sde firs
column of Table 3.3). Grey bars in b) show char@fespecies richness in field interiors between the
1950s/60s and 2009 while striped bars in b) comd®®0s/60s field interiors with 2009s field
margins. Different small letters indicate signifitalifferences aP < 0.05 within communities (res.

comm. = residual community).
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Discussion

Disproportionate species losses in arable fields

Our studied confirmed the first hypothesis, showthgt vegetation of arable fields has
experienced pronounced loss in species richnesslandof plant communities over the last
five to six decades. Floristic differences betwélea different soil substrates have largely
vanished, and today's impoverished arable plantnoamities are less diverse and more
homogeneous. Our results supporkRUR-HooL'sS (1966) prediction that arable plants
diagnostic of associations and alliances have llajsappeared, giving way to a set of only
4-5 ‘agrotolerant’ and highly competitive generalspecies such aShenopodium album
Galium aparine Fallopia convolvulusPolygonum avicularer Viola arvensighat prevail in

almost every field.

This is in line with other investigations in Certturope (e.g. HBIG 1985, TRZCINSKA-
TAciK 1991, MAJEKOVA et al. 2010), where species diagnostic for alliancedeis and the
class have been reported to decline less rapidin gpecies diagnostic for associations.
Stenoecious (specialist) species of the allianagdalidion platycarpi (e.g. W6ENITZ &
MEYER 1981, HLBIG 1985, KOHLBRECHER et al 2012) and Aperion spicae-venti (e.qg.
KUTZELNIGG 1984, KULP & CORDES 1986, RLOTEK & NEzADAL 1989) disappear to a
disproportionately large extent (see alsONGHER & VAN ELSEN 1993, LososovA 2003,
LososovA & SIMONOVA 2008). Diagnostic species of higher-rank syntaxa other
euryoecious (generalist) species of arable fietdsl@ss strongly affectedrnoseris minima
as the most characteristic species of the associdttesdalio-Arnoseridetum minimae
disappeared completely from both in field interi@ad field margins, although in the
1950s/60s, this species had a frequency of 16%hefrelevés with abundance values
corresponding to 2.5% to 37.5% cover.

Some authors (BLzNER & IMMONEN 1982, SITCLIFFE & KAY 2000, MAJEKOVA et al. 2010)
pointed out that apparently lost arable plant ggemay reappear from a persistent seed bank.
However, in the meantime, the seed banks are dtsogdy impoverished by herbicide
application over decades leaving only common spe(ETE 1992, SHMIDT et al 1995).
Seed banks are probably relevant for the preservati rare arable plant species only when
fallows, land set-asides or afforested former lopit fields are re-cultivated @TER 1985,
WALDCHEN et al 2005).
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Management-driven turnover in arable plant assaoiz

Species richness declined in all regions irrespectf the plant community, geological
substrate or position in a field (Figure 3.1 and).3Margins were sometimes richer than
respective historical data from field interior, pably due to an ecotonal effecir{ED et al
2009) with spill overs from adjacent non-arable atagon (ROMERO et al 2008). Former
differences between fields on calcareous soil ardly soils have largely vanished i.e. the
meaning of soil reaction and soil type is todaymymortant due to the all-dominant high
nutrient level and herbicide pressure UHE & HOFMEISTER 1990, ABRECHT 1989,
ALBRECHT 1995). As with lososovA& GRULICH (2009), losses in our plot sample were most
pronounced for communities of the Caucalidion pkaspi. In the following, the history
of two associations exemplifies the change andispégrnover.

(1) Teesdalio-Arnoseridetum minimae: This arablpcommunity of low-input fields
on sandy, humus- and nutrient-poor, highly acidalss (KLAGE 1999) disappeared
completely as did its diagnostic speci@snpseris minimaHypochaeris glabraand others).
The fields formerly colonized by this associatidrow today residual plant assemblages of
the class Stellarietea mediae or the alliance Aperspicae-venti (see Ass. 1 in Figure
3.2) as a result of soil liming and application syinthetic fertilizers favouring tall fast-
growing arable plants.
(2) Caucalido-Adonidetum flammeae: This plant comityof shallow to medium-
developed, loamy-clayey limestone soilsUgfe & HOFMEISTER 1990) is now confined to
narrow margins of arable fields cultivated with wncereals (BFMEISTER& GARVE 2006).
Based on records of the 1930s and 1950s, it applearshe Caucalido-Adonidetum had
replaced a plant association extinct in Germangypdnd already very rare in the 1950s/60s,
with characteristic species such Asperula arvensisand Orlaya grandiflora Thus, these
assiciation, still widespread in e.g. Thuringiaelds in the 1960s ($1UBERT & KOHLER
1964), represented partly a slightly impoverishiegjs of the former community, perhaps due
to early effects of fertilizer and herbicide apption (FFUTZENREUTER1994). The next stage
of management intensification led to the Papavegtdhdrietum noctiflori differing
from the Caucalido-Adonidetum chiefly by the absermf Adonis aestivalisand the
presence of several more N-demanding species. Fgrna@ arable plant association
characteristic for loess, the Papaveri-Melandrietemow generally restricted to shallow
calcareous soils. Further impoverishment will léadeplacement by residual communities.
Our results indicate that nearly 90% of the forrstands of the Caucalido-Adonidetum
have been transformed to such residual assemblsgeé\ss. 13 in Figure 3.2).
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Threat and conservation of arable plant communite&Germany

Marginal arable lands have suffered dramatic ditselssses, not only through intensification
of cultivation, but also due to abandonment, subset] vegetation succession and
afforestation. Although the German Red List of plamommunities (RNNwWALD 2002)
specifies the associations of the alliances Cawgati platycarpi and Aperion spicae-
venti as the most threatened among the arable ptantunities, our data suggest that the
Red List assessment is still overly optimistic. iBathe Teesdalio-Arnoseridetum
minimae and the Caucalido-Adonidetum flammeae iated as endangered while our

data suggest that they are critically endangered.

Do we need a new syntaxonomy of arable vegetation?

Several authors discussed syntaxonomical consegsi@iche changes in arable vegetation
some of them already decades agox@N 1950, TUXEN 1962,BRUN-HOOL 1966,HILBIG &
Kock 1982,07TE 1984, PFUTZENREUTER1994). There are basically two formal options to
properly consider temporal and management-relatedtepses in the phytosociological
classification system. The first is to describenfally new ‘central’ associations reflecting
modern species assemblages (elgRECHKE 1994, $HUBERT 2001,DENGLER 2003, BRG

et al 2004). ‘Central associations’ of species-impastezd arable fields were first described
in detail by HLBIG (1973) for Thuringia and KOPAC (1988) for the Czech
Republic/Slovakia. The second formal option woulé khe concept of ‘deductive
classification” as suggested byYoKECKY & HEJINY (1974, 1978; see alsOlHRSCHKE 1994).
While the terminology suggested by the former arglapparently failed to stand the test of
time, the idea of classifying plant communities hwitagmentary species composition by
means of different higher levels of syntaxa coiasigartly with the idea of FBJN-HOOL
(1966) to treat ‘residual plant communities’ of ldeafields. The latter concept enables the
allocation of plant assemblages representing varaegrees of degradation. It appropriately
reflects dynamics in plant communities; accountghe time factor, and keeps formalism to a
minimum. As our study shows, the concept of hidraad residual communities provides a
suitable basis for the interpretation of man-madmachic processes in arable plant
communities without abandoning the conventionaloeissions which still exist at least
locally. Given that vegetation classification igl steeded for a wide range of theoretical and
applied purposes, hierarchical community clasdificaseems to be well positioned to cope

with the difficulties of rapidly changing man-magplant assemblages.
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Abstract

Agricultural intensification has profoundly altere@entral Europe’s arable plant
communities since the 1950s. Here we present #hdtseof a comprehensive landscape-
scale study that covers ten study areas with cstimiga soil conditions and compares
community composition and diversity before the ordeagricultural intensification with
the recent situation. We employed a semi-permaplentesign to analyse changes in 392

field interiors on sandy, calcareous or loamy betlwveen the 1950s/60s and 2009.

The analysis revealed a reduction in the regiopaties pool during the 50-year period by
23% (from 301 to 233 vascular species) and dramasses in plot-level diversity
(medians of 24 and 7) in the ten study areas. Vbeage cover of arable plants decreased
to a tenth of its original extent (from 30% to 3%\)chaeophytes, neophytes and most
Poaceae (including some aggressive weeds) showeldrsy strong losses as indigenous
plants, but only modest changes in their shar®tal farable plant cover. This contradicts
the assumption that grasses and neophytes arealignprofiting from agricultural
intensification. Crop diversity decreased from 28pcplants present in the 1950s/60s to
only 16 in 2009 while crop cover generally increhs@/inter cereals, oilseed rape and
maize are dominant today, while root crops and semcereals showed large declines.
Vegetation change depended on soil substrate wiite anarkedly different arable
communities now showing more homogenized commusiitycture. Once species-rich
fields on calcareous soil were most strongly imp@hed, while the formerly less diverse
sandy fields suffered smaller species losses. &sang Ellenberg Indicator Values (EIVS)
for nitrogen and pH point to N fertilization as aajor driver of change. Our results
document tremendous diversity losses on the pldtadso the species pool level. Losses
did, however, differ between geological substrated new conservation measures such as
the establishment of field flora reserves and agxironment schemes with less intensive
land use are thus urgently needed especially oesliome substrates to bring an end to the
decline of this functionally distinct and increagiy threatened component of the Central
European flora.

Keywords agricultural intensification; archaeophytes; ea¢ous soil; crop diversity;

diversity loss; Ellenberg Indicator Values; feddtion; neophytes; sandy soil; weeds
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Introduction

Hardly any ecosystem has been as markedly shapdéairogn activities as arable fields
(VAN CALSTER et al 2008, ELENBERG & LEUSCHNER2010). Until the mid-19th century,
Central Europe’s agro-ecosystems were charactefized large and even increasing
diversity of plants associated with crop cultivatiBURRICHTER et al. 1993). Species
richness of these arable plants reflected variatiggeological substrate, cropping type and
management regime (e.gososovAet al 2004, RIED et al 2008, INKE et al 2012). In
terms of biogeography, indigenous plants and aapiages were the dominant
constituents.

Agricultural intensification in recent decades kbampletely changed this pattern. Farmers
concentrate on an increasingly limited set of csppcies (Kiox et al 2011), resulting in
reduced diversity of crops and thus losses in #@s®ak arable plants. Stands have
generally become much denser with species thgi@ecompetitors for light increasingly
being confined to field margin sites QKLBRECHERet al. 2012).

Improved seed cleaning techniquesASLLARI et al. 1999), loss of traditional crops like
flax (MIREK 1976, 1997), and increasing application of symthietrtilizers (ROBINSON &
SUTHERLAND 2002) also resulted in the homogenization of \esg@mt (MACDONALD &
JOHNSON 2000, BAESSLER & KLOTz 2006). Increased crop yields were paralleled by
dramatic diversity losses in arable plants through&urope ($ORKEY et al 2012).
Especially the widespread use of herbicides froen 1#850s onwards fBESBURY 1961,
ANDREASEN & STREIBIG 2011) and the introduction of the European UnicG@mmon
Agriculture Policy (®TTER 1997, ANDREASEN & STRYHN 2008) caused an increasingly
rapid impoverishment of the arable floralgER 1992). Losses were also dramatic in
farmland birds (ONALD et al. 2006) and invertebrates (MgonN et al 1999), and this had
negative effects on ecosystem servicasgBeIJERet al. 2006).

Agriculture in Central Europe represented a ‘lowtitragriculture system’ until the early
1950s. This changed with the beginning of agrigaltindustrialisation in the 1950s and
early 1960s (BUERKAMPER 2004), when e.g. average nitrogen surplus on German
increased from 25 kg N Hayr® in the 1950s to around 110 kg har! in 2005
(ELLENBERG & LEUSCHNER2010).

The rapid loss of phytodiversity in arable landss haceived considerable attention
(ALBRECHT 1995). Several studies have pointed out that thguincy of archaeophytes
(immigrated before 1500 AD) has generally declifedesToN et al 2004), while the
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frequency of neophytes (immigrated after 1500 ABndied to increase (ISOSOVA &
SIMONOVA 2008). Some grass species that are now known tgrbblem weeds
suppressing agricultural crops have also been fdandcrease at the expense of other
herbs (ANDREASEN& STRYHN 2008).

Permanent plots with long-term monitoring are, utficately, non-existent in European
fields. Very few re-sampling studies employed awmarent (same plot) or semi-permanent
(same field) plot design (1962-1997 UT8LIFFE & KAY 2000, 1968-2006 -HED et al
2009a, 1968-2005 -AATs et al 2010). These studies had limited spatial extentiering
comparisons between e.g. different geological satest difficult. To our knowledge,
MAJEKOVA et al (2010) from Slovakia is the only representatiaege-scale resampling
study (578 arable field sites, re-sampled betwe®$0land 2006). This study, however,
focused mainly on phytosociological changes andndliversity patterns.

We thus still lack a reliable picture of currenalale plant diversity of Central Europe. This
is, however, urgently needed as funds available di@ble plant conservation have
dramatically declined in the last yearsg¥R et al 2010). Here, we analysed changes in
the arable flora of 392 fields from ten differertudy areas in central and northern
Germany between the 1950s/1960s and 2009. The sigdhs represent the three main
geological types of sandy, loamy and limestone tsates. We tested the hypotheses that
(i) agricultural intensification has resulted inreduced diversity of crop varieties and
denser crop stands; leading to (ii) large shifthancomposition of the arable communities
with diversity losses in archaeophytes and increas@eophytes and Poaceae. We further

hypothesized that (iii) the character of thesetshiaries with the geological substrate
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Material and Methods

Study area and sampling design

The study was conducted in the German federalsstdteower-Saxony, Saxony-Anhalt,
Brandenburg and Thuringia (50°78°-52°61°N; 9°11°6B8E, Figure 4.1). The climate
changes from sub-oceanic to sub-continental fronstvie east with mean annual air
temperatures ranging between 7.1°C and 9.1°C, amhmannual precipitation between
490 mm and 730 mm ye&i(HiIMANS et al 2005). Four study areas were dominated by
sandy soils, three by limestone substrates and thydoamy sites (Table 4.1).

Altitude
aslinm

[ ]=1o0
[ J101-280
[ z51-7m0

[ 751 - 1.000 Kilometers
0 50 100 200

N > .00 — —

Figure 4.1 Location of the ten study areas in Central Gesn{&RTM relief data).
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Table 4.1 Details of the ten study areas on three diffeseiltsubstrates, including the number of arabldgdisurveyed in the 1950s/1960s and in 2009.

Study region Federal state Coordinates Annual mean Annual mean Elevation Prevailing Year of No. of Source of historical records
(WGS 1984) precipitation temperature (ma.s.l.) substrate historical repeated
(mm) (O) records relevés
Reese Lower Saxony N 52°34’ 654 9.1 25-40 sand 1951 31 Preising (unpublishéa) da
E 09°03’ Tixen-Archive Hanover
Berkhof Lower Saxony N 52°36’ 673 8.9 25-40 sand 1955 38 Jahns (unpublished, data)
E 09°43’ Tixen-Archive Hanover
Nedlitz Saxony-Anhalt N 52°03’ 565 8.8 90-120 sand 1956 46 Jage (unpublished data)
E 12°16’
Luckau Brandenburg N 51°51" 560 8.5 40-125 sand 1960/61 39 Fischer, Krauscligk |
E 13°45’ (unpublished data)
Gottingen Lower Saxony N 51°28’ 727 8.7 160-225 loam 1960 37 Ernsting (unpublistesd),
E 09°54’ Tuxen-Archive Hanover
Erzhausen Lower Saxony N 51°53’ 644 8.8 100-330 loam 1959 45 Anonymus (unpublisted,
E 09°55’ Tuxen-Archive Hanover
Halle/Saale = Saxony-Anhalt N 51°32’ 475 9.1 75-140 loam 1958 40 Plass (unpublished,data
E 11°54’ Archive University of Halle
Hachelbich  Thuringia N 51°20° 542 8.3 180-320 lime 1956/57 39 Wiedenroth (19883hive
E 10°55’ University of Jena
Plaue Thuringia N 50°47 487 7.1 295-520 lime 1959-62 37 Hilbig (unpublisloada),
E 10°54’ Archive University of Jena
Saaletal Thuringia N 50°58’ 590 9.3 170-350 lime 1959-61 40 Hilbig (unpublisloada),
E 11°40’ Archive University of Jena

Climate data from German National Meteorologicaivi®e (DWD), based on the reference period 19610199
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Historical vegetation relevés were retrieved framtable archives (Table 4.1), and from
unpublished field notes of older botanists. On Itlasis of vegetation maps and precise
descriptions of locality initially provided, 392lesés (154, 116 and 122 relevés for sandy,
limestone & loamy substrates) could be identifigdttze field level. The historical
information was sufficient to identify the respeetifield, and often a certain part of the
field. However, it was not possible to find the dfie plot (semi-permanent plot design).
Historical vegetation samples are often biased tdsvevell-developed stands. Today, field
interiors are very homogenous; in the few casesreviveell developed stands were
encountered during the re-sampling these were sahnmieferentially. Especially in the
study areas with shallow limestone or poor sandg,st0-15% of the fields sampled in the
1950s/60s were transformed into grasslands or tlordhese were excluded from the

comparisons.

Mean field size has increased considerably in d@isé five decades in Germany, e.g. from
1.2 ha (1953/1957) to 12.2 ha (2000) in an area Ha#le (Saale) (RESSLER& KLOTZ
2006), rendering the relative spatial share otfiglargins as potential refugia relatively
unimportant. Because a large fraction of the fralargin vegetation is constituted by plants
that spill-over from adjacent vegetation type®IifRRo et al. 2008), we focused only on
the field interior. This allows direct comparisoitiwhistorical relevés which were always
taken in the field interior. To eliminate any eaudb effect (WLSON & AEBISCHER 1995,

FRIED et al 2009b), sample plots were placed at least 10art &om the field margin.

Size of historical relevés varied between 25 an@d 1®; re-sampling took place with the
plot size specified by the authors of the givertdnisal study. Historical and recent data
were not systematically different in plot size (Rafed-Measures ANOVA p<0.05), and
species richness and relevé size were not cordelatein the 1950s/60s, relevé sampling
was conducted following the method oRAIN-BLANQUET (1964); nomenclature of

species followsAGER (2011).

Data processing and analysis

Relevés were stored in a TURBOVEG databasen{i#KENS & SCHAMINEE 2001) and
plant synonyms were standardised using taxonomiendation. We recorded all higher
plants, including seedlings of shrubs or trees emgh volunteers. The few cases where
taxa in the recent or the historical survey cowdddbtermined to the genus level only were
excluded from further analysis. For consistenclydata on status (e.g. indigenous plants,
archaeophytes and neophytes) follow standard (listésEN & DENGLER 2008). We used

Ellenberg Indicator Values (EIV) of the speciesENBERG et al 1992) for soil reaction
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(EIV-R), moisture (EIV-M) and nutrient (mainly nitgen) availability (EIV-N) to
calculate plot-level means by weighting species £With the square-root of estimated

cover.

Multivariate analysis included Detrended Corresgmue Analysis (DCA), which
indicated a relatively higt-diversity (DCA - length of gradient on first axi%.3
multivariate s.d., corresponding to >1 speciesduen, see MCUNE et al 2002). The
unimodal model in DCA was thus taken as appropri@tenges in the occurrence of the
species over time were examined with separate dtalicSpecies Analyses for each region
(ISA, BAKKER 2008). Quantitative variables were tested foristasl differences over
time by Repeated Measures Analysis of Variance (RMOVA); data were log-
transformed where raw data graphs indicated styosgewed distributions. Relations
between numerical variables were analysed withdeeacorrelation analysis. Crop types
were analysed by?-test; with the originally 28 recorded crop categ® being aggregated
to five main classes. Multivariate analyses werewith Canoco 4.5 (DCATER BRAAK &
SMILAUER 2002) and PC-ORD (ISA, BCUNE & MEFFORD2011), univariate and bivariate

data were analysed in R &EVELOPMENTCORETEAM 2004) using standard packages.

Results

Change in cropping systems since the 1950s/60s
Crop diversity decreased from a total of 25 obsgre®p plant species in the historical

surveys to only 16 today (see Appendix Table SA.Bupporting information). Spring
cereals decreased from a share of 26% to 17%, wimieer cereals increased from 41 to
61% (Figure 4.2). The main increasers were winteeat (14 vs. 31%); winter rape (0 vs.
17%) and maize (1 vs. 9). In turn, potatoes (15.96), oat (8 vs. 2%) and beets (5 vs. 3%)
declined.
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Figure 4.2 Shifts in crop species composition between tHg0880s and 2009 (in percent of the
total number of fields investigated; means of #e s$tudy areas)3=154.8, df=4, p<0.0001). The
main groups are winter cereals (triticale, bartgg, wheat), spring cereals (cereal mixtures, maize
barley, rye, wheat, oat), oil crops (mustard, suwmdlr, oilseed rape), root crops (beets, carrots,
potatoes, other vegetables), and others (beans, geser-grass, lucerne, millet, buckwheat, flax,

grass leys, initial fallow land, stubble, no data).

Data on historical crop cover were limited. Cropeoon sand (one study area) remained
stable at a median of 80% (interquartile range 8%Pin the 1950s/60s vs. 75% in 2009
(IQR 65-85%, RM-ANOVA p>0.5). In limestone regiofikree study regions), crop cover
increased from a medig3osso0f 60% (IQR 40-70%) to mediagrg 95% (IQR 90-95%;
RM-ANOVA p<0.0001). Cover differed between cropagig from a median of 20% for
sunflower to a median of 90% for spring rye acoogdio the historical data, and between
25% for carrots and a median of 90% for winter é@adccording to the recent data. Only
two crop species were sufficiently common to disecompare historical and recent cover.
Cover of winter wheat (lime) increased from a megdigsesos0f 60% (IQR 50-80%) to a
mediangoy of 80% (80-95%), while cover of winter rye (samdjnained essentially stable
at mediangsossos0f 90% (IQR 70-90%) vs. mediggs of 85% (75-90%, see Appendix
Table S4.1 in Supporting information).
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Shifts in arable plant community composition

Arable plant communities differed between substtgpes and sampling periods (Figure

4.3). The first DCA-axis differentiated the histmi relevés with respect to samples taken
on sandy soils from those taken on limestone satestr This axis was correlated with the
mean Ellenberg indicator value for soil reactiol {glue). The second axis differentiated

historical from recent relevés and correlated rieglgt with cover, diversity and evenness

of the arable communities.

g (a) Polygons

(b) 1950s/60s

(c) 2009

1950s/60s
- — — Sand [J sand O sand
Loam & Loam <& Loam
»»»»»»»» Lime ; i
A Lime A Lime

Axis 2
¥ 3

02

0.2 6.0-0.2 Axis 1 6.0 -0.2 Axis 1 6.0

Figure 4.3 DCA of all 2 x 392 vegetation releveés, for ckarithown in three different ways (a)
Samples simplified to hulls including samples ofjigen substrate*period class, supplementary
variables fitted post hoc (cut off value r2=0.1) e ordination plot. (b) Same ordination, but
historical samples (1950s/60s) shown as dots. &€ Abut only recent samples (2009) shown
(species with frequency < 3 deleted, cover valumsstormed y=log[x+1]; downweighting of rare

species; Eigenvalues / length of gradient axis42 05.3; axis 2: 0.21 / 5.8; axis3: 0.15/ 4.2).

In total, 366 different species were recorded (8ppendix Table S4.2 in Supporting
information); 133 were restricted to the historidatta set, 65 occurred only in the 2009
data and 168 species were recorded in both surideyse of the disappearing species was
listed as nationally extinct. There was a trendaxs homogenization of substrate groups.
The two most dissimilar samples from historicaladaad a distance of 4.8 multivariate
standard deviations along axis 1 of the DCA, cq@oesling to > 1 species turnover. Recent
samples had a distance of 4.0 s.d. units alonglaxiis contrast, Whittaker'g-diversity
(species pool / plot-diversity; species with fregeye < 3 excluded) increased from 6 to 16

due to the tremendous decrease in plot-level diyetsscribed below.
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Median plot-level diversity decreased from 24 spedn the 1950s/60s to 7 species in
2009 (Figure 4.4). Even the most well developecdmesamples (95% percentile) had a
median of 19 only. Substrates differed in spedgmess as did the sampling periods, and
the magnitude of loss differed between substrateisdicated by a significant interaction
term (RM-ANOVA of log-transformed datasBstraied<0.02, Beriod p<0.0001, Ripstrate*period
p<0.0001). The cover of arable plants in the pitaslined dramatically from a median of
30% to a mere 3% in 2009 (Table 4.2).
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Figure 4.4. (a) Number of arable species per plot found m listorical (1950s/60s) and recent
(2009) surveys, given for the entire data set gakcies), (b) the archaeophytes and (c) the
neophytes only. Data are given for pooled valuegdufor testing) and separately for substrate

classes.

Table 4.2 Estimated cover values (%) of arable plant conitimeon three different substrate site
classes in the 1950s/1960s and 2009 (data for tpase of relevés where both recent and

historical data were available). Values are givemadians and interquartile ranges (IQR).

1950s/60s 2009
median IQR median IQR n
All relevés 30 20-60 3 1-10 214
Sand 50 25-80 3 4-15 58
Loam 20 10-30 1 16 40
Calcareous soils 40 20-50 4 1-8 116
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Losses were most pronounced on limestone sitesawdiet-level richness dropped from a
median of 29 to 7 taxa. Disappearing taxa inclusigecies associated with base-rich soils
(e.g. Adonis aestivalisLathyrus tuberosysand other species considered diagnostic in
phytosociology Conringia orientalis Turgenia latifolig see Appendix Table S4.2 in
Supporting information). The losses on loamy switge similarly high with a reduction
from 25 to 6 species, where indicator species sagNeronica politaand Fumaria
officinalis declined strongly. The decreases in richness amdysasoils were less
pronounced (decrease in median richness from 20ttaxa per relevé). The diagnostic
speciesHypochaeris glabraand Arnoseris minimaare now very rareAphanes australis
and Teesdalia nudicaulislisappeared completely as did species indicatungiifaitions in

the soil water table (e.duncus bufoniysMentha arvensijs

Our design was not aimed at keeping the crop cofjstendering the available data for
paired sites with equal crop type over time limitédr winter wheat on limestone soils,
historical samples had a median of 29 species @QR2), the respective recent samples
had only 7 (IQR 4-9, p<0.00001, paired t-test, =Y@inter wheat samples on loam had a
median of 27 species (IQR 24-31), while the reciehiness was 11 (IQR 4-24, p<0.00001,
n=17). For sand, comparisons were only possiblewimter rye, with a median of 25
species (IQR 12-30) in historical samples and 18R(112-20) in recent samples
(p<0.00001, n=33).

Fallopia convolvulus Chenopodium albumand Viola arvensiswere the most frequent
species in the historical data set. They were atilbng the most common in 2009 though
their frequency values had droppéd ¢onvolvulusfrom 84% to 34%(C. album 68 vs.
44% anaV. arvensis67% vs. 51%).

Changing abundance of archaeophytes, neophyte®aadeae

Archaeophytes showed a strong decline from a megi@Bos of 10 (IQR 8-13) to
mediangyy of 3 (IQR 2-6) species per relevé (Figure 4.4).aig losses were most
pronounced in limestone regions. The few exceptiwaee Tripleurospermum inodorum
andEchinochloa crus-galliwhich increased (frequency change from 11 toa28, from 6

to 12% respectively). Neophytes were rare in tls¢ohical data and declined even further

from a mediafysose00f 1 Species to mediagg O per relevé (Figure 4.4).
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Plot-level species richness of grasses declinesh faomediaiyspssos0f 2 (IQR 1-3) to
mediangg of 1 (IQR 0-2). Among the newly recorded specieshie recent relevés were
the grassePactylis glomeratgindigenous, current frequency 4&0)d especiallydBromus
sterilis (archaeophyte, 15%)Alopecurus myosuroidegarchaeophyte) E. crus-galli
(archaeophyte) and seveitlomusspecies B. secalinus- archaeophyteB. commutatus
archaeophyte anf. japonicus- neophyte) increased on a low level (see Appeiidizle
S4.2 in Supporting information).

Cover values of specific species groups were ninated separately, but trends can be
assessed by summing up the cover of the indivisipaties. Expressed as a fraction of the
total sum of cover values, the relative shares rohaeophytes and neophytes showed
weakly positive trends (Table 4.3) as did the shairdPoaceae, while the remaining

species, mainly indigenous herbs, declined in pitopn Nonetheless, all species were

subject to a general decrease in absolute covauthsed above.

Table 4.3 Percentage share of different species groups (ascton of community cover) for
communities on three different soil substrateshim 1950s/60s and 2009. Table 4.2 contains the

corresponding absolute cover values. Medians aedjumartile ranges (IQR) are given.

1950s/60s 2009
Median IQR Median IQR
Archaeophytes 0.41  0.31-0.53 0.48 0.33-0.64
Sand 0.46 0.33-0.59 0.51 0.39-0.71
Loam 0.37 0.30-0.48 0.40 0.20-0.52

Calcareous soils 0.41 0.32-0.52 0.49 0.33-0.63

Neophytes 0.01 0-0.03 0 0-0.09
Sand 0 0-0.02 0 0-0.06
Loam 0.02 0-0.03 0 0-0.06
Calcareous soils 0.02 0-0.03 0.05 0-0.15
Poaceae 0.08 0.04-0.19 0.12 0-0.29
Sand 0.16 0.07-0.31 0.11 0.04-0.24
Loam 0.07 0.03-0.15 0.18 0-0.40
Calcareous soils 0.05 0.02-0.08 0.11 0-0.25
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Shifts in Ellenberg Indicator Values (EIV)

The EIV-N differed between substrates and increasest time (RM-ANOVA, Beriod
pP<0.0001, Rpstrate p<0.0001). Shifts were particularly strong on glétom sandy and
limestone substrates (Figure 4.5; interactiQusRaterperiodP<0.0001). Plot-level species
richness on limestone and loamy soils showed nnifgignt correlation to the EIV-N
value. On sandy soils, EIV-N and mean species esbtiwere positively correlated in the
historical data set (r=0.28, p=0.001), while therelation in 2009 was weak and negative
(r=-0.16, p=0.07).

The mean EIVs for soil reaction and nutrients wpositively correlated in both the
historical and recent relevés (r=0.68 and 0.4 heetively) and showed strongest increases
over time on sand, followed by limestone substratésle loamy sites revealed unchanged
indicator values. The mean EIV for moisture (EIV-Mid not differ between the two
periods (Mediapysos4.8, IQR4.5-5.2; Mediaigos=4.7, IQR 4.5-5.0) and was not related
to species richness.
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Figure 4.5 Relation between species richness (average nuofbspecies per relevé) and the
weighted EIV-N for the relevés on (a) sandy, (lgnhy and (c) limestone substrate. Boxplots of

EIV-N are given for the two survey periods in the bf the figure.
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Discussion

Shifts in community composition

Our 50-year record of community change revealedaandtic impoverishment since the
start of agricultural intensification in the 1950%1e total number of vascular plant taxa
found decreased by 23% (from 301 to 233), whiclemddes other reports from in
Germany describing losses of the species poolemdahge of 20 to 50% (ARECHT 1995,
KoHLBRECHER et al 2012). In Slovakia, where agricultural transfotima started later,
only 8% of the species have disappeared over thie50ayears (MIEKOVA et al, 2010).

Diversity losses at the community level were evesrempronounced with a mean loss of
65% (from 24 species to only 7 in recent time).sTi@duction is more severe than reported
in previous studies from Bavaria (-30%, i.e. ple¢@ges of 23 vs. 16 species,BRECHT
1989), Thuringia/Kyffhauser region (-45%, 24 vs.sffcies; KWHLBRECHERet al 2012).

A review by ALBRECHT (1995) covering 33 regions from all over Germaayealed plot-
level diversity losses of 20 to 40%, with only twegions showing losses of more than
60%. Our estimate of a tenfold decline in covetha arable plant communities (average
cover of 30% in the 1950s/60s to only 3% cover @9 again exceeded the 75% cover
loss reported in long-term surveys from Denmark Andtria (RES 1992, ANDREASEN &
STREIBIG 2011).

Land-use intensification is often associated witimbgenisation (8ART et al 2006). In

our data set, differences between substrate grdep®ased as shown by reduced spread
of samples along the first DCA axis. Whittakepsliversity did, however, increase over
time as a consequence of the dramatic decline afl@vel. This mirrors the strong
differences in land use intensity found today w#hme sites still being under non-
intensive cultivation, while most others harboudyohighly agro-tolerant arable plant
species (AVIK & LIRA 2009, RIED et al 2010).

According to the DCA analysis, the historical rélswevealed a strong differentiation
between substrate types and pH classes. With tthespread liming of crop fields on poor
acidic soils and modern standardised agriculturaictces, floristic differences have
largely disappeared, as shown by the increasedapvef substrate groups along axis 1 of
the DCA. This indicates homogenisation of arablanplcommunities (RBANK et al
2008) and hampers the placement of recent relewéssiablished phytosociological
systems (MYER et al. submitted).
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The inner parts of arable fields are nhowadays methg species-poor witK. arvensisF.
convolvulus C. album Polygonum avicularendGalium aparinetypically being the only
dominant species. In line with other studies (ERJED et al 2009a), we also observed
dramatic decreases in the frequency and densiiyraferly common arable plants such as
C. album P. aviculare Cirsium arvenseand especialltellaria mediahat had populated
the fields in huge numbers. As a consequence, mese®uor invertebrates including
pollinators and also seed-eating birds have datliMArRSHALL et al. 2003, SORKEY
2006).

Community change and species loss differed withstsates. In the 1950s/60s, fields on
limestone bedrock were more diverse than fieldsandy deposits (PPE& HOFMEISTER
1990). This has shifted due to disproportionallsggéaspecies losses on limestone sites.
LOSOSOVA & GRuLICH (2009) explained these high losses with their hglare of
archaeophytes, a group of arable plants with préugamiy Mediterranean origin and
particularly high light demand @€1IN & VAN DER VOORT 1997). Increased crop cover,
together with the wide-spread application of hadas and the frequent abandonment of
agriculture in low-productive fields are the maiauses of high diversity losses in
limestone regions (KYER et al 2008). Fields on loamy soils show intermediaté so
conditions, and species losses were also interteeizomparison to sandy and limestone
sites.

Losses on sandy soil were less extreme, even thougmunities adapted to highly acidic
and nutrient-poor conditions have also vanishedslspecialized species, however, still
find habitats on sandy soil, which now harbour tast diverse arable plant communities
in the study region. In a few regions, species renfiton sandy sites remained stable or
even increased (BRECHT 1989). In conclusion, the overall trend in arabégetation
structure in the region is characterized by spetsadisappearing while few generalists
increase, reflecting the growing uniformity in crapanagement schemes and soil

conditions in recent time.
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Changes in selected species groups

Archaeophytes showed equally pronounced lossestim fichness and cover, as did the
indigenous plants. The total number of neophytesrded in our sample increased slightly
from 17 to 20 species. In Slovakia,AMKOVA et al (2010) found an increase in the
species pool from 10 to 19 species since the 1960sur study, species with frequency
increases includedConyza canadensigon sandy substratesxalis fontana and
Matricaria discoidea with the latter two not being recorded in thetdngal surveys.
Echinochloa crus-gallialso increased in frequency, being confined to itfeeeasingly
common maize fieldsveronica persicaformerly the most important neophyte on arable
sites in Germany (BvPFet al 2004), decreased by 40% in frequency since tb@/60s.
We found only one field withAmbrosia artemisiifolia an invasive taxon in Central
Europe’s ruderal vegetation (&DIEux et al 2011). Our results show a decreasing, and
not increasing, cover of neophytes on arable fjeldsich is in contrast to reports on
absolute and relative increase of neophyte covapithern Germany (BvPF et al 2004)
and Czech Republic #Bek et al 2005). In Central Europe, neophytes are suppidsge
the use of certified crop seedsNEREASEN& STREIBIG 2011) and by modern cultivation

techniques and thus suffer from similar pressusestlaer arable plants.

Certain Poaceae were described to benefit fromestiagricultural practices (REASEN

& STRYHN 2008, MAJEKOVA et al. 2010). We found strong declines in the frequesaiog
cover of most Poaceae including some species thdirown to be aggressive and yield-
suppressing weeds such Asena fatua Elymus repensand Apera spica-venti(see
Appendix Table S4.2). Among the few increasing ggasare species known for herbicide
resistance such &. myosuroidesvith a fourfold increase presumably due to resistan
development (MNNE et al. 2008). This species also benefits from an in@@asiltivation

of winter cereals (Kox et al 2011).Bromusspecies showed a more or less constant
frequency over time except f@&. sterilis which was not recorded in the historic survey
and has become one of the most aggressive grasts sewe then, especially in winter
cereals. It benefits from the widespread adoptibow-tillage systems, early seeding

dates and winter cereal-based crop rotationsRM et al. 2003).
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Erosion of crop diversity

During the last five decades, crop diversity hadided in central and northern Germany,
as in other parts of Europe (e.gARGHALL et al 2003). The recent crop systems are
dominated by winter cereals, mainly winter wheat] ailseed rape, which spread in the
1980s (HtYLAND et al. 2006). Maize is the sole spring-sown crop tha imareased in
cultivation because of biomass productiorey&rset al. 2011, WALDHARDT et al 2011).
Arable plant communities in maize fields were ldygeniform across all ten study areas

and dominated b@. album F. convolvulusS. mediaor E. crus-galli

Formerly widespread crops like flax and their aggied highly specialized arable plants
had already disappeared from our study area bgrideof World War II, and were thus not
covered by the historical surveys used here. Roops; like beets on loamy soil or
potatoes on sandy soil, are now less common thahanl950s/1960s. An example is
Linaria arvensisthat was a highly characteristic species of pofatds (MEYER &
BERGMEIER 2010), but has almost completely disappeared Igigtiig the fact that
reduced crop diversity is one driver of diversigs$ and extinction. In our data set,
however, losses in arable plant diversity were aisong for the few fields where crop
type remained constant over time. This suggestsatt@red cultivation practices had a

huge effect.

Effects of site conditions

Although comparative analysis of large and sometilmeterogeneous data sets has limited
power for analysing site-level effects, indicat@ues may still provide insight into the
general impact of moisture and fertility changebe Tmean moisture values remained
essentially unchanged during the 50-year periodndtiough pronounced declines have
been reported for arable plants characteristic afistn microsites (ELENBERG &
LEUSCHNER 2010). Many of the respective species indicatengimg water regimes, and
few of the formerly abundant ones have high indicatalues for moisture. Further
population decline apparently has no major impacbweerall patterns. Soil pH has been
identified as a major determinant of arable specisposition (e.g. BPPE& HOFMEISTER
1990, RIED et al 2008); potentially even overriding the managenedfect (HAWES et al
2010). Our study corroborates publications on destngy importance of soil pH ¥BEK &
LEPS1991, RIED et al. 2010). Nowadays, the effect of soil pH on spec@®position is

mainly apparent on non-intensively managed fields.
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We detected a larger increase in the mean EIV-Negin communities of sandy and
limestone regions which naturally have a loweriligrtand thus a higher susceptibility to
N fertilization than loamy soils. Fields on acidioils have long been conditioned with
liming and fertilizing, often for cultivating sugdreet (MeISEL 1969). As a consequence,

indicator species for infertile conditions with EN and EIV-R values of 2-4 vanished.

Atmospheric N deposition is an important drivervefetation change in many European
ecosystems (B8BINK et al 2010). With rates mostly between 20 and 40 kggN yr™ in
Central Germany (oxidized and reduced WMWELTBUNDESAMT 2005), deposition
accounts for less than a third of the N amount ddddields with fertilization, which has
increased in croplands of Germany since 1950 frono4105 kg N hd yr* (ELLENBERG

& LEUSCHNER2010, IMWELTBUNDESAMT 2011).

The EIV-N was not correlated to species richnestimestone and loamy sites. In sandy
fields, in contrast, EIV-N was positively correldteith species richness in the 1950s/60s,
probably reflecting the ascending leg of the huingeed diversity-productivity curve.
KLAGE (1999) observed that insufficient nutrient (intpardar N) causes reductions in crop
yield on the poorest sandy sites, and also regsullswer density of arable plant stands.
This has now been reversed with elevated inpusymthetic fertilizer, which significantly
decreased species richness of plants that are qmopetitors for light and thus often
threatened (PSEK & LEPS 1991, SORKEY et al 2010). Fifty years ago, fields on sandy
soil typically were fertilized by adding solid maeuand cultivating N-fixing plants such
as serradelladrnithopus sativusor lupine Lupinusspp.). In the 1950s, the presencé&of
aparineandS. mediaallowed differentiation of N-richer vs. N-pooreelfis on loamy sites
(ELLENBERG 1950). With fertilizer levels exceeding 100 kg Bi*hthese species are now

widespread in all fields, regardless of soil sudistr

High fertilizer input, together with the introduati of highly productive crop varieties
(ANDREASEN & STREIBIG 2011) resulted in closing of crop stands. Whikds with a
sparse crop cover (30-50%) were still common in18B80s/60s, cover typically exceeds
90% today. Part of this cover increase is attrithute a shift from root crops to winter
cereals, but our data show that even fields ofstmae species, in our case winter wheat,
are now denser than they used to be. Increasemojnaoover were strong on loam and

limestone soil, while sandy fields remained relaltpopen.

Herbicide application is the third key driver ofgetation change in Central European
croplands beside N input and increased crop cdwaethe early 1950s, herbicides were
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applied in only 10% of the summer and winter cefieddls of Germany, but this increased
to almost 100% in the mid-1980sL{ENBERG & LEUSCHNERZ2010). In parallel, herbicide
sales increased in Germany by another 30% from 1692008 (WWELTBUNDESAMT
2011). The herbicide effect on community compositinay have been particularly large
on limestone and loamy sites where fertilizaticie@t were less pronounced, but our data

allow no sound inferences on this.

Conclusions — Implications for conservation measuse

Currently, around one third of approximately 35@kde plant species in Germany is
considered threatened QHVEISTER & GARVE 2006); among them several species that
have a large fraction of their distribution range the region (e.gArnoseris minima

Bromus grossuandVeronica opacaWELK 2002).

A further expansion of the area planted with eneoggps, especially on marginal
agricultural areas with high conservation valued aundespread cultivation of genetically-
modified crops will most likely be associated wipreading monocultures, increasing
cultivation of perennial crops, higher cropping siées and increased levels of herbicide
and fertilizer application (RBANK 2008, DAUBER et al. 2010). Impoverishment of arable
plant communities will thus probably continue wihentually only a few nitrophilous
species persisting (@vE 1974, SORKEY et al 2010). Conservation measures for arable
plants should focus on the establishment and pe¥ntamaintenance of sanctuaries that
still harbour non-homogenized and species-richtggammunities with viable populations
of the characteristic species in order to presg@ussible source populations for future
conservation and rehabilitation activities espégiah limestone sites. This requires not
only well-designed management regimes but alsong ntinuity of the measures in

order to be successful ¢MER et al 2010).

An initiative has been launched recently to idgntiew solutions for the protection of
arable plants in Germany. A nationwide network bfeast 100 so-called ‘conservation
fields’ (‘Schutzacker’) was designed to countettaiet ongoing loss of arable plants species
(MEYER et al 2010). On the selected fields, crop managememaised out without
application of herbicides and by taking into coesadion specific management
requirements of target arable plant species. Negkess, due to their size limitations,
initiatives like the network of conservation fieldan only be a first step to protect a

sufficiently large part of agro-biodiversity in Geal Europe
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CHAPTER

5

Landscape complexity has limited effects on genetstructure of two

arable plant speciesAdonis aestivalis and Consolida regalis

Stefan Meyer, Jorg Hans, Christoph Leuschner, kar$t/esche & Dirk C. Albach
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Abstract

The agricultural landscape of Central Europe hasmgéd dramatically in recent decades
due to intensified cultivation bringing many of itharacteristic species to the brink of
extinction. We investigated whether landscape siracaffects the genetic structure and
diversity of remnant populations of two arable plapeciesAdonis aestivalisand
Consolida regalis We used dominant amplified fragment length polgphesm markers
(AFLP’s), and investigated these effects in sixiorg of 5 km? in Central Germany
assigned to two different classes of landscapetsiral complexity, monotonous (> 95%
of area covered by arable land with low extent ofdfiglargins) or structurally diverse (<
60% of area covered by arable land with large déxtdnfield margins). Contrary to
expectation, within-population diversity levels didot significantly differ between
monotonous and structurally diverse landscapesp&ubations from diverse landscapes
tended to be more differentiated from each othen tfhose from monotonous landscapes.
However, no significantsolation-by-distance was found for either speciEgardless of
landscape structure. These results suggest thdsdape complexity as such is not as
important on a local level as effects of e.g. genbbttlenecks. Artificial transfer of
material between neighbouring populations seemsfiggs with respect to the limited
genetic structuring, and the present conservati@iegiies should be reconsidered based

on genetic variation in these species.

Keywords Arableweeds; AFLP; conservation strategies; habitat fiegation; landscape

genetics
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Introduction

Since its origin in neolithic times, the developmand spread of agriculture has been
accompanied by the evolution of a uniquely adapied diverse fauna and floraT(S\Te

et al 2001). However, agricultural land use has undeggmnsiderable intensification and
modernisation during the last half century acrossimof Europe (80ATE et al 2009,
ELLENBERG & LEUSCHNERZ2010) leading to a major decline in biodiversiBAESSLER&
KLoTz 2006, MITH et al. 2010, SORKEY et al 2012). Arable plant communities have
changed dramatically during the second half of 208 century, mainly due to the
increased use of herbicides and chemical nutrienguts (MEYER et al 2013).
Consequently, arable plant species have declinedumbers and diversity, with field
margins partly functioning as small refugia AREHALL & MOONEN 2002). Field sizes
have, however, increased resulting in the remo¥dietd margins YAN Rossum et al.
2004, £HMIDT et al. 2009). Agri-environment schemes have been devéltpeounteract
the present biodiversity losses in (semi-)naturaba and also in arable fields, but the
effectiveness of these agri-environment schemesctear (KEN et al. 2006, MEYER et

al. 2010, 3TH et al.2010).

Habitat fragmentation affects populations througtluced population size and increased
isolation. It is often associated with an erosioh genetic variation and increased
interpopulation genetic divergence due to increasadom genetic drift, elevated
inbreeding and reduced gene flowaWG et al. 1996, vaN Rossum et al. 2004,
DITTBRENNER et al. 2005, VANDEPITTE et al. 2007). Lower genetic diversity may limit a
species’ adaptive ability and thus increase thmeixdn probabilities (e.g.ELMAN et al.
2004, FbNNAY & JACQUEMYN 2007). Formerly common species, which have becamre
as the result of landscape transformations, arensss to be particularly prone to the
effects of habitat fragmentation GAILAR et al. 2008).

Surprisingly, arable plants are rarely studied widspect to genetic structure (for
exceptions see EDYE et al 2010, BRUTTING et al 2012a, b). No study has explicitly
considered effects of landscape structure on analalets so far, although reduction and
fragmentation should have an impact on both pojuiatizes and gene flow and thus on
genetic structure and genetic diversity. This tdmas implications for both basic science
and applied conservation management. Here, wedtéiséeeffects of landscape structure
on genetic population structure in two rare arghlents, and compared their genetic

structures for pairs of monotonous, intensivelydusersus less impoverished, richly
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structured landscapes. Pairs of sites were situatelbse neighbourhoods in the states of
Saxony-Anhalt and Thuringia, which are represeveatf the agricultural landscapes of
Central Germany.

We selected the summer pheasant’s-é@ofis aestivalid..) and the Forking Larkspur
(Consolida regalis S.F. GRAY). Both are archaeophytes that originated from the
Mediterranean Basin and were introduced as seethroamants by neolithic people to
Central Europe (8HROEDER1969, RSEK et al. 2005). Formerly widespread until the mid-
21% century, abundance & aestivalisandC. regalisas arable plants decreased drastically
with improved seed cleaning practices, increasisg of herbicides and fertilisers, and
changes in cultivation periods ANREN et al 2008). Both species are included in the Red
List of Germany (KORNECK et al. 1996), now usually occurring in the less-well mated
margins of fields. Populations are often alreadwlsand heavily fragmented, and still
decline further especially in intensively used ksrapes. In central Germany, both species
are nonetheless sufficiently common to obtain bédiadata, withC. regalis being less
severely threatened on the local scale thaaestivalis

Populations are separated by mostly unsuitabledtalsuch as grasslands and intensively
managed fields. Genetic drift should occur in theak potentially inbred populations.
Gene flow in the largely selfing. aestivalis(KLEIN 1926, STHERLAND & DELPH 1984)
should be strongly limited and largely dependend@mpersal by seed, which is reduced
due to current agricultural practic€sonsolida regaliss potentially insect-pollinated and
more outcrossing (BNG 1986). A previous study revealed higher gene ditselin C.
regalis, while @s; as a proxy for fragmentation is higherAn aestivalis(BRUTTING et al.
2012a). Both arable plant species thus differ iriage aspects relevant for conservation

which makes them ideal study models for our context

We used the dominant DNA marker system AFLP (Anmgdif Fragment Length
Polymorphism; s et al. 1995), studying (i) how genetic variation is distited among
and within populations oA. aestivalisand C. regalis (i) whether there is a relation
between genetic structure and the degree of hdpéiginentation inA. aestivalisand C.
regalis populations; (iii) and which conclusions can bavan for the conservation of the

two species.
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Material and Methods

Study species

Adonis aestivalid.. (Ranunculaceae) is distributed from the Causa$urkey and Iran to
Russia eastwards up to Central Asia, and westward®lorthwest Africa and the
Mediterranean Basin ((BRIELIAN & FRAGMAN-SAPIR 2008). In Central and Southern
Europe, it is restricted to warm and dry, calcaseouloamy soils, naturally occurring in
fallow and cultivated land, most often in wheatldge (winter crops), dry rocky/stony
slopes, sparse oak forests and mountain steppew d&€00 m a.s.|. (EEENBERG 1988,
PARTzSCH et al 2006, MEHMETI et al. 2009). It is a hexaploid, monocarpic herb with=2
48 chromosomes (YN & Pazy 1989).Adonis aestivalipropagates by achenes with a
terminal recurved or slightly curved beak, probabdtiapted to myrmecochory as is the
case for otheAdonisspecies (BSkIN & BASKIN 2001, BOINANSKY & FARGASOVA 2007).
Only a minor fraction of seeds germinates immedasdter seed-shedding in summer,
while primary dormancy mostly delays germinatiortiluthe following spring (BONN &
PoscHLOD 1998). Seeds apparently have high survival ratggested by the presence of a
long-term persistent seed bankAMBCHEN et al. 2005). Flowering in Central Europe takes
place during May to August. The vermilion flowerse amostly pollinated by pollen-
collecting bees and other pollen-eating insectse(ik 1926, BonN 2004). Flowers are
proterandrous, and the species is regarded aschavimixed breeding system, i.e. self-

compatible and partly outcrossingL@N 1926,SUTHERLAND & DELPH 1984).

Consolida regalisS.F. Gray (synDelphinium consolidd.., Ranunculaceae) has a pan-
European distribution, excluding the extreme namhld south, extending to Western Asia.
It prefers nutrient-rich and calcareous soils, nyaotcurring in crop fields, but also in
rocky steppes, stony slopes and screeg¥{BscH et al 2006, BDOINANSKY & FARGASOVA
2007). This monocarpic herb is diploid with a basember ofx = 8 chromosomes
(LAWRENCE 1936). It propagates by seeds enclosed in follicddapted to semachory
(BONN & PoscHLOD 1998). Most seeds germinate near the surface inaeddafter seed-
shedding, but seeds are viable for at least 1Gypatentially building up a persistent seed
bank (GNTER 1997,SAATKAMP et al. 2009). During May to August, the deep blue or
violet flowers are pollinated mostly by bumblebg@aun 1953). Despite occasional
reports on self-compatibilityG. regalisis usually regarded as primarily outcrossing due t

proterandry (BTHERLAND & DELPH 1984,HONG 1986).
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Study sites and sampling design

We defined populations as plants occurring withieaa of 5 km? and sampled si
aestivalisandC. regalispopulations from each of six regions in Centratr@any differing
with respect to landscape structure. All regiors @ainly characterized by agricultural
landscapes interspersed with grasslands, foreshgmtand settlements (e.g. villages and
road verges). The regions Hainleite, Querfurtett®land Witterda were very monotonous
with >95% of the area being arable land; largedfiglesulted in a relatively low extent of
field margins. The three structurally diverse studgions Kyffhauser, Schmoner Hange
and Drei Gleichen were characterized by <60% oblaréand and smaller fields with a

larger extent of field margins (Figure 5.1, Tablg)5

a) b)
S
0 0.5 1
e Kilometers |:’ Arable Land l:l Grassland - Forest D Other

Figure 5.1 Examples for a structurally diverse region (Kyidiser) and a monotonous region
(Hainleite) representing two of the six study regioShown are fields, grassland, forests and other
habitat types (GIS analysis based on aerial imagery

In all regions, we selected five subpopulationdjnéel as groups of plants growing in
individual fields or field margins. If less tharvéi subpopulations were encountered, all
available subpopulations were sampled. Subpopuktwere chosen at random with the
constraint to have a minimum distance of 100 m d@eent subpopulations. In each
subpopulation, population size was estimated agshfgreen leaves were stored in Silica
gel for up to ten randomly selected individualsto8ether, between 11 and 47 individuals
were sampled for each population. Note that in &ktith only a single individual oA.
aestivaliswas found.
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Landscape structure

The landscape structures were digitized from agifadtographs (taken in 2008) using
ArcGIS (ESRI), and the percentage of all presemd leover types, as well as mean field
size and length of field margins were calculatedb{@ 5.1). Geographic coordinates of all
sampled populations were obtained by GPS in ordecdlculate the linear distance
between populations as well as the mean distaneeeba subpopulations from the same

region.

DNA extraction, AFLP analysis and scoring procedure

DNA was extracted from leaf samples using the NaSjgn Plant Kit (Macherey-Nagel),
concentration and quality was checked with a NaopDspectrophotometer (Thermo
Scientific) and by running 1.5 % agarose gels. AlabRlysis was carried out following the
method of RyBUSH et al. (2006) with some minor modifications: (1) We useduL
instead of 2.5 pL of the digested diluted and égaDNA template for the following
preamplification and (2) for the selective amphfion reactions we used 2 pL instead of 1
puL adjusting the contents at each step, respegtivelo fluorescent dye-labeled primer
combinations were usediisetCAG/ECcARI-ACG(NED) and MselCAG/EcaRI-AGA(6-
FAM). The resulting AFLP fragments were separatecio automated ABI 377 sequencer
(PE Applied Biosystems) using the GeneScan 500 RD#&led size standard (PE Applied
Biosystems). Control samples with distilled wateravincluded in each run.

Fragments between 100 and 600 bp were scored aut@mmated way using the program
GeneMarker v1.91 (SoftGenetics) for the presengeoflabsence (0) of bands and
assembled as a binary matrix based on the scoratggol of WOOTEN& TOLLEY-JORDAN
(2009). Local southern size call algorithm, peatursdion, baseline subtraction, pullup
correction, and spike removal correction were getbowith application of the size
standard. A peak was considered as (1) when peaksity was between 50 — 30000 rfu.
Peaks, which could not confidently be called by sb&ware, were denoted by “?”. Data
were standardized across individuals for each pric@nbination by automatically
creating a panel by GeneMarker. On the generatedlpalectropherograms in which the
size standard used in the analysis matched lessathlaeoretical standard of 90% as well
as poor quality raw electropherograms were excldided further analysis. Other settings,
including stutter peak filter, local and global efgtton percentages and smoothing did not

affect the scoring or performed worse and werecfioee left at default values.
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Mono- and polymorphic loci oA. aestivaliswere identified from presence/absence data
matrices, monomorphic loci were excluded. Only ARt&gments that were scored in at
least three individuals per species were inclusethé analysis. Repeatability was tested
by analyzing a total of 2CA. aestivalisindividuals from two different landscapes,
Kyffhduser and Hainleite a second time startingnfrthe restriction step following the

procedure mentioned before.

Statistical analyses

Nonparametric Mann-Whitney U tests were used tmtitle differences in variables of
landscape structure, population size, and meaargistbetween populations as well as in
genetic differences between the two differentlycinred study landscapes. The automatic
scoring procedure of the AFLP fingerprint data hesliin a large number of bands,
including cells with missing data. We thus analyswel full matrices, as well as subsets,
where we concentrated only on those bands that reéably detected, and bands that had
a minimum frequency of 11 (minimum no. of individai@er population). These 3 sets plus
the subset with 96 individuals fingerprinted thes®l time (see above) where subjected to
the same statistical analyses.

Both band- and allele-based approaches were entpldBeNin et al 2007). The
presence/absence data from the AFLP samples wetktascalculate genetic similarities
based on the Dice coefficient (i 1945, NIl & L1 1979) for all possible pairwise
comparisons of individuals within and among popals of A. aestivalisandC. regalis
respectively. Based on this band-based genetidagitgj dendrograms were generated by
using the neighbor-joining method in the TREECStware package/AN DE PEER& DE
WACHTER 1994). Robustness of trees was evaludtedootstrapping (1000 bootstrap
replicates) using TREECON. Principal coordinatelygsia (PCoA, ®@WER1966) based on
the Dice similarity coefficient (IR 1945) was performed in FAMD ¢(BILUTER & HARRIS
2006). The mean pair-wise Dice dissimilarity amandividuals of a given population
served as one measure of intra-population dive(saiculated with PCORD, BMCUNE &
MEeFFORD2011). The number of polymorphic sites (PPL; petage of polymorphic sites)
was calculated using GenAlex 6.52@RALL & SMOUSE 2006). For a parallel allele-based
approach, within population gene diversitye(NL987) was estimated, and analyses of
molecular variance (AMOVA, GenAlex) conducted: hiehical levels were landscape
types (diverse / monotonous) and populations. A telgmermutation test on isolation-by-

distance was implemented in GenAlEx 6 using 999%9np&ations to correlate pairwise
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dgrvalues with geographic distances. All statistmadlyses were separately performed on
the subsets and the repeated dataset (exceptefdvantel permutation test) in the same

way as for the initial data set to qualitativelgess reliability of results.

Results

Landscape and population structure

Differences in local landscape variables were §igant according to non-parametric

Kruskal-Wallis tests in spite of limited statistiqggower (n=3, Table 5.1). The share of
grasslands, forests and urban areas was highéeiditerse landscapes; mean length of
field margins as well as population numbers forhbepecies were also higher. The
monotonous landscapes had more arable fields atahdes between subpopulations were
larger. Total population sizes A&. aestivalisand C. regalis were similar in both

landscapes (Table 5.2).

AFLP patterns and genetic diversity

The two primer combinations yielded a total of FF_P loci for A. aestivalisamong 163
individuals of the original dataset. The 20 individs of the repeated dataset had 380
AFLP loci for A. aestivalis For C. regalis,the two primer combinations yielded a total of
434 loci among 142 individuals. All these loci wgyelymorphic. Main data sets and
respective subsets derived from the main data metu¢ed no. of bands) yielded

qualitatively identical results, and we thus foous description on the main data set only.

Genetic diversity measures Af aestivalispopulations ranged from 0.31 to 0.35 for gene
diversity (allele-based, Hj), from 0.20 — 0.33 foean Dice dissimilarity, and from 94 to
98% for Percent Polymorphic loci (band-based, PRbld 5.2). InC. regalis H; ranged
from 0.28 to 0.32, Dice from 0.15-0.35, and PPLgexhfrom 77 to 93%. The landscape
types did not show significant differences withpest to any of the measures of gene

diversity tested.
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Table 5.1.Population, region and habitat characteristicsthier six study regions in Central Germany (percever is indicated for major land use classes] tota

length of field margins in km, mean field size ia, las well as mean distances between populations end number of subpopulations Af aestivalisandC.

regalis, respectively).

Urban Length of

: . Longitude Latitude Arable Grasslands Forests Develop field Meap il LHEen SIEEnEs No. of

Population Region : size between .
(east)  (north) Land [%] [%] [%] ment margins : subpopulations
[ha] subpopulations [m]
]  [km]

Diverse landscapes
1-5 Kyffhauser 10°57 51°24' 38.3 29.0 28.0 4.6 334. 6.5 941/1064 26/62
6-10 Schmoner Hange 11°35' 51°19' 54.1 18.0 199 9 7. 436 8.9 872/1047 32/66
11-15 Drei Gleichen 10°52' 50°51" 55.2 18.8 20.4 5 5. 47.1 6.2 982/958 172/108
Mean (s.d.) 49.2 (9.5) 21.9(6.1) 22.8(4.5) 6.0(1.7) 41.7(6.6) 7.2(1.5) 932 /1023 (56/57) 77/79 (83/26)
Monotonous landscapes
16-20 Hainleite 11°02' 51°17 96.7 0.3 0.0 2.3 28.6 78.1 790/840 20/38
21-25 Querfurter Platte 11°36' 51°19' 95.4 0.1 0.7 3.9 28.4 102.1 848/1068 8/11
26-27 (26-30) Witterda 10°53' 51°03' 97.00 0.1 0.1 2.8 30.5 61.7 1504/1171 2/8
Mean (s.d.) 96.4(0.9) 0.2(0.1) 0.3(0.4) 3.0(0.8) 29.1(1.1) 82.7(23.5) 1047/1026 (397/169 10/19 (9/17)
probability <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 ns/ns <0.05/<0.05
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Table 5.2 Population size, number of analyzed individualsj’s genetic diversity (h, number of
polymorphic sites and percentage of polymorphici I(ffPL) of A. aestivalisand C. regalis
(abbrevations for landscapes: D = diverse lands;dyle= monotonous landscapes - abbrevations for
regions: K = Kyffhauser, S = Schmoner Hange, D =ilBleichen, H = Hainleite, Q = Querfurter
Platte, W = Witterda); standard error forwhs less than 0.01 in all cases.

: No. of Mean No. of Mean
I;iggé Rl Fs)ig?a. analyzed H Dice PPL [%] Fs)igg analyzed |, Dice FZ]L
plants diss. plants ! diss.
D K 187 47 0.35 0.20 97 601 41 0.32 0.15 91
D S 172 40 0.34 0.22 97 549 37 0.29 0.18 88
D D 360 22 0.32 0.30 94 478 16 0.31 035 91
Mean 240 0.34 0.24 96 543 0.30 0.23 90
M H 847 31 0.32 0.29 95 594 26 0.32 0.26 93
M Q 213 23 0.31 0.33 98 120 11 0.28 0.27 81
M W 130 - - - 394 11 0.30 0.212 77
Mean 397 0.33 0.31 97 369 029 0.24 83
P ns ns ns ns ns ns ns ns

Genetic differentiation and partitioning of moleaulariance

For A. aestivalis the overallds-value was 0.06. Meaws-values weredg = 0.06 for the
diverse landscape (range 0.04 — 0.10) angd = 0.01 for the two populations in the
monotonous landscape. For regalis the overalldg-value wasdg = 0.07; values were mean
@5 = 0.11 (range 0.08 — 0.13) for the diverse lanps@ndd = 0.04 (range 0.02 — 0.06) for
the other type. For both species, both overall @aidvise values were significant, except for
the pair-wise comparisons betweén aestivalis populations D, H, Q. The AMOVA
partitioned the significantly largest fraction onation inA. aestivaliswithin populations
(94%), whereas only 5% were partitioned among papans within habitat types (Table 5.3)
and 1% was partitioned among landscape type€§. iegalis most variation was partitioned
within populations (92%), whereas only 8% restedomagn populations leaving 0% for
landscape types.

Table 5.3 Summary of analysis of molecular variance (AMOVM®lants represented each five
subpopulations from five regions &. aestivalis Summary of analysis of molecular variance
(AMOVA). Plants represented each five subpopulaidrom five regions except of one region
(Witterda) with three subpopulations ©f regalis

Adonis aestivalis Consolida regalis
Source df SS MS % df SS MS %
Among types 1 282.58 28258 1 1 26.08 26.08 0
Among pops 3 647.87 21596 5 4 171.16 4279 8
Within pops 158 13252.01 83.87 94 136 1945.46 14.992
Total 162 14182.46 100 141 2142.70 100
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Genetic similarity

The cluster analysis foh. aestivalisdataset showed no population-specific clustertbge(
Appendix Table S5.1, S5.2 in Supporting informatiokhe same data were also subjected to
Principal Coordinate Analysis, with the three apéshe PCoA forA. aestivalisaccounting
for 23.9% of the total variation (Figure 5.2).

* K13
513

512

Figure 5.2 Three-dimensional plot from the Principal Cooedes Analysis (PCoA) based on Dice
similarity of the AFLP data of 163.. aestivalisindividuals from the original dataset sampled from
five regions in Central Germany (diverse landscapePrei Gleichen, K=Kyffhauser, S=Schmoner
Hange, monotonous landscapes: H=Hainleite, Q=QuerflPlatte). The three axes explain 13.3%,

5.7% and 4.9% of the data, respectively.

Consolida regalisindividuals from the Kyffhauser region clusteredparately in the
neighbour joining tree, and those from the Schméti@rge region were also somewhat apart
(aee Appendix Figure S5.3 in Supporting informatiomhe first three axes of the
corresponding PCoA accounted for 19.3% of the tetmliation, with individuals from
Kyffhauser and Schmoner Hange again forming sepayedups, (Figure 5.3). Pairwisky
values also indicated for both species that pojuiatirom the Kyffhduser are most distant to
the others while populations Drei Gleichen, Hatel@nd Querfurter Platte are most similar to

each other.
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D1S

Figure 5.3 Three-dimensional plot of the first three axemnfrthe Principal Coordinates Analysis
(PCoA) based on Dice similarity of the AFLP dataldf C. regalisindividuals from the original

dataset sampled from six regions in Central Germédiyerse landscapes: D=Drei Gleichen,
K=Kyffhauser, S=Schmoner Hange, monotonous landscapi=Hainleite, Q=Querfurter Platte,

W=Witterda). The axes explain 7.9%, 7.2% and 4.2%h@® data, respectively.

There was no evidence for isolation-by-distancehenpopulation level. Foh. aestivalisthe
Mantel test among populations from the diverse daagdes, and among populations from the
monotonous landscapes indicated no significantetaiions between spatial and genetic
structure (among all: r = 0.124, p > 0.1; diverse:-0.07, p > 0.5; monotonous: r = -0.374, p
> 0.6). The pattern was qualitatively similar fOr regalis (among all: r = 0.017, p > 0.3;
among diverse: r = -0.002, p > 0.5; among monotsnog 0.123, p > 0.1).
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Discussion

Landscape structure and genetic differentiation

Genetic structuring i\. aestivalisand C. regalispopulations was marginally higher in the
diverse landscape@{= 0.06 and 0.11, respectively) than in the monatisriandscapest=
0.01 and 0.04), implying equally strong, if not BvM@mewhat stronger habitat fragmentation
in the diverse landscape. Larger geographic distarmetween populations in the diverse
landscape can be excluded as an explanation sim@® rmpopulation distances were not
significantly different between regions and Martesdts were also not significant. The higher
proportions of unsuitable habitat in the diversedkcape such as grasslands and forests form
some kind of barrier for gene flow among populatiomn contrast, populations from
monotonous landscapes seem to have frequent geeetitange even between distant
populations. Apart from natural barriers to ger@vil human land use patterns are likely to
differ between landscapes: In the monotonous refgover farmers (and fewer tractors)
cultivate more land, thus increasing the likelihaddspreading seeds across the region. For
both speciesA. aestivalisand C. regalis lack of specific adaptations to long-distancedsee
dispersal increases the importance of hemeroch@ydispersal of plants by agricultural
practice. This process contributed considerablylispersal over large distances in former
times and still does today (BIN & PoscHLOD 1998, B®scHLoD et al. 2005, see also
WALLINGA et al.2002).

Sporadic gene flow over larger distances due todmumactivity (e.g. BNN & POSCHLOD
1998) could also explain the lack of significardlégion-by-distance in our data sets. Weak
isolation-by-distance in a comparable study afH@IDT et al. (2009) studyingGeum
urbanumin German forests was suggested to be the resulidniced connectivity between
populations, but gene flow in forest species maydif&erent from that in fields. Low
differentiation was reported for the arable we&lbpecurus myosuroidesvhich is not
comparable since it is wind-pollinated EIYE et al 2010). The detected levels of genetic
differentiation betweenA. aestivalisand C. regalis populations are comparatively low
(Nysom 2004), which may indicate that either populatiabdivision is a rather recent event
in the area or gene flow is still occurring to sosmeall degree as suggested IBRBE et al
(1998). Despite that, the low differentiation shibulot be overemphasized since increasing
the geographical distances between the sampledigimms frequently increases ther-

values in population genetic studiesy@dm & BARTISH 2000,VEKEMANS & HARDY 2004).
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Indeed, larger-scale comparisons across Centrapguior our two species revealed higher
levels of genetic differentiation TTING et al 2012b). In support of differentiation on the
small scale, the AMOVA analysis demonstrates thatamount of variance was by far largest
within the populations oA. aestivalisand C. regaliswhich contrasts with the findings of
most studies examining species threatened by habitgmentation (RAvIS et al. 1996,
SCHMIDT & JENSEN2000;JACQUEMYN et al. 2007, SANTON et al. 2009), again pointing to
relatively frequent exchange.

Genetic diversity

Estimates of population-level gene diversity alsovged no clear pattern. Compared to levels
reported by HMRICK & GoDT (1989) and other studies dealing with predomiyantl
outcrossing species (e.gyBbm & BARTISH 2000, @LLEY et al. 2007, ARISOD & BONVIN
2008), populations oA. aestivalisandC. regalisfrom our study show low to medium levels
of genetic diversityConsolida regalisshowed approximately similar values Ao aestivalis
suggesting that pollination and dispersal modesatehat different. The diverse landscape
harbours a larger number of smaller but less mlagbpopulations, in contrast to the
monotonous landscape in whipbpulations have been homogenized across largas aea
result of agricultural intensification and fieldlargement. Low genetic differentiation &t
aestivalisand C. regalispopulations, which did not differ significantly population sizes,
may be a result of a single or few colonization rkseaccompanied by inbreeding
(JACQUEMYN et al 2004). Loss of genetic variation after coloniaatdepends on the degree
of spatial isolation from other sources, and on itlgoming diversity of pollen and seed
(SORK & SMOUSE 2006). Whether the current levels of genetic temaare caused by
increased inbreeding or founder effects cannot d&laded from our results. Inbreeding
should lead to a reduction in heterozygosity withgpulations (YOUNG et al. 1996, KELLER

& WALLER 2002), which cannot directly be assessed from dantimarkers such as AFLP in
contrast to codominant markers (e.g. microsatsjlitdevertheless, inbreeding may arise
from increased self-pollination GUNG et al. 1996), which may become more important with
declining pollinator populations @Ts et al. 2010). Alternatively, remaining partners may be
related through recent common ancestryoyMG et al. 1996), probably as a result of
historical founder effects or small population sizef A. aestivalisand C. regalis Thus,
census population size may not be very effectiveewaluating survival chances of
populations. This is in line with studies demonstigathat rare species may harbour similar

levels of genetic diversity as more widespread i®sg€TZENDANNER & SOLTIS 2000).
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Conclusions - Conservation implications

Maintaining genetic diversity has become a majsuésin conservation biology. Despite
much effort by the European Union since the mid@k98e.g. through agri-environment
schemes, it is doubtful whether existing effort® affective in protecting agricultural
biodiversity (KLEN et al 2001, 2006). Regarding arable plant communiteesange of
measures has been introduced in European countngsding Germany (MYER et al.
2010), Switzerland (BROFUTURA 2011), Great Britain (8RSTAIRS 2006,STILL &B YEFIELD
2007), Belgium (EGAST et al. 2008) and France (@RDES 2011), to stop the decline of
arable plant species. Because management prattieteallow survival within fields lead to
considerable economic forfeits, such efforts hawenty focussed on field margins that are
economically unimportant (e.g., ‘Ackerrandstreifesgramm’). Most existing programmes
solely considered the species level and not thenoamty (WiLSON 1994, MEYER et al.
2010). If the goal is to secure the long-term swalviof endangered species such Aas
aestivalisandC. regalis strategies that maintain genetic variation mesiniiated.

Our results demonstrated that (i) landscape streidtad only a small effect on the amount of
genetic variation among and within populationsAofaestivalisand C. regalis but whether
this was related to landscape structure per sdjistiery of agricultural practice or the size of
suitable habitats, cannot be decided by our stQdy.findings do not support the assumption
that a higher landscape heterogeneity always ingsrdive viability and increases the genetic
diversity of arable plant population. (ii) The aestivalisand C. regalispopulations of all
studied regions exhibited hardly any genetic déifeiation. This indicates that there should
be no problem enriching populations by transfernatgnts from other populations on this
scale. (iii) In both species, most of the genetriation was located within populations
irrespective of landscape structure. Furthermore, small spatial scales, we found no
indication of isolation-by-distance, possibly paigt to occasional dispersal by human
activity throughout central Germany. Studies omédarspatial scales are needed to test this
idea.

In many areas of Central Europe, the remaining labjom sizes, in particular on isolated
arable field margin strips maintain similar genetagiation to larger fields, but isolation and
small habitat size make populations vulnerablec&iour data reveal only minor differences
in the genetic constitution of the different popigdas, we suggest that active seed transfer
and thus the deliberate mixing of gene pools froffer@nt populations is an acceptable and

straightforward means of increasing genetic exchamghese threatened species.
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As a first step we started to establish permanertalied ‘important arable plant areas’
(IAPA) or ‘sanctuary fields’ (MYER et al.2008, 2010) to save the remnant populations of the
arable vegetation in Central Europe. In a secoegd, seed exchange by transferring plant
material from selected IAPA locations to other pbitd sanctuary fields or field margin areas
is recommended on a regional level where the wiplmipulation genetic diversity is found to
be moderate or low. It is important that such araplant conservation measures are

accompanied by genetic analyses and monitoringitesi to document the success or failure.
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Appendix Figure S5.1 Neighbor joining phenogram . aestivalisindividuals from the original
dataset using Nei-Li (=Dice) distances from 5 raegidn Central Germany (D=Drei Gleichen,
H=Hainleite, K=Kyffhauser, Q=Querfurter Platte, $h&oner Hange).

Appendix Figure S5.2 Neighbor joining phenogram &. aestivalisindividuals from the repeated

dataset using Nei-Li distances from 2 regions int@¢ Germany (H=Hainleite, K=Kyffhauser).

Appendix Figure S5.3 Neighbor joining phenogram @&. regalisindividuals using Nei-Li distances
from 6 regions in Central Germany (D=Drei GleichétxHainleite, K=Kyffhauser, Q=Querfurter
Platte, S=Schmoner Hange, W=Witterda).
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Abstract

In Germany, arable plant communities are amongntiost threatened vegetation types;
formal legal protection of the associated rare gsdoommunities is, however, virtually non
existent. Using questionnaires and a literaturgesyrwe assessed the history and the current
status quo of arable plant conservation in GermR®agults revealed that most conservation
projects fail after an often initially successfiigse, which is mainly due to complicated and
insecure funding. Agri-environment schemes, suchratection of field-margin strips, have
started losing attractiveness for farmers due tstanmtly changing regulations and conditions
for grants, and increasingly complex bureaucratacedures. In addition, current schemes
usually last only 5 years, and thus provide no p&nt protection, even if contracts should
happen to be extended. Here, we present the newewna@tion project ‘100 fields for
diversity’, which aims to establish a nationwidewark of Important Arable Plant Areas
(IAPA) in Germany.

Keywords arable plants; conservation schemes; nationwidévark; sanctuary sites;

Germany
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Introduction

There is scarcely any ecosystem in Europe whiclbbas as markedly influenced by human
activities as farmland (EEENBERG & LEUSCHNER2010). For this reason, arable plants belong
to the most threatened plant species associatiotisei whole of Central Europe I(HIG &
BACHTHALER 1992, HLBIG 2007). Increasing economic pressures are drivargérs to
optimize yields, such that population sizes anceidity of arable plant communities and the
related fauna have decreased more severely andlyapan in any other habitat in our
cultural landscape (S & CARNI 2005, BCHARNTKE et al 2005, BESSLER& KLOTZ 2006,
StiLL 2007, LoSOSOVA& SIMONOVA 2008, RIED et al. 2009).

Levels of threat are high for the German arableafle currently around 120 of the
approximately 350 arable plant taxa in Germanycamsidered endangered and at least 15
species are already extinct dFMEISTER & GARVE 2006). In regions such as northern
Germany, the impoverishment of arable plant comtieseven exceeds the losses described
for grasslands on mesic and wet soilseQOHE et al. 2009). The main reason is that
grasslands are at least partly subject to conservatfforts, and a large number of
conservation projects for grasslands have beeneimghted (RIEBEN 2005, ROSENTHAL &
HOLzeL 2009). In contrast, the arable flora is poorly @@d by ongoing conservation
schemes in Germany, and there is no formal legateption for its rare species or plant

communities (MYER et al. 2008).

Here, we review the status quo of current consinvatoncepts for arable flora and
vegetation in Germany briefly describing the depetent of these concepts over the last
decades and putting a special focus on field-mastjiips as the single most wide-spread
conservation tool. This forms the basis for intr@dg the project ‘100 fields for diversity —
the development of a nation-wide reserve network ifoportant sites of arable plant
communities in Germany, which was started in 2087main aim is to develop long-term
strategies for conserving typical segetal vegetatiges as Important Arable Plant Areas
(WiLsoN 2007) and ensure their adaptability in future desa A special focus is on
identifying economically sustainable and long-tereifective financial schemes for

maintaining the reserves.
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Materials and Methods

Using questionnaires and a literature survey, wayaed the current status quo of activities
in the task of arable plant conservation in Germ@oy more details see BYER et al 2008).
Questionnaires were sent specifically to institagioor other stakeholders (e.g. nature and
landscape conservation groups, open-air museuits, hature conservation authorities) who
are involved in conservation of important arablengs areas by establishing and maintaining
special sanctuaries or so-called ‘Field Flora Re=®r where rare arable plants are sown in
suitable sites (usage of local seed provenancamfisrtunately not mandatory here). In
addition to standard data on habitat conditions gpeties present, our survey focussed on

suitable cultivation practices and the financiathkgaround of the conservation activities.

We tried to collect country-wide data on the higtof agri-environment schemes dedicated to
the conservation of arable plants in Germany. Uafately, no reliable key data (protected
areas in hectares, financial assets) for field masgip programs are available at the federal
level; therefore we contacted the ministries ofi@diure and environment of the respective

federal states individually.

Results and Discussion

The history of arable plant conservation projects

First considerations of the need to conduct speaieasures for preserving arable plants can
be traced back in the German literature to theyel#b0s. It was the phytosociologist Robert
GRADMANN (1950) who proclaimed that théhé flower-filled cornfields have nearly vanished
from our surrounding landscape, and very soon smeskrves will have to be established
where our traditional three-step crop rotation ®ystis still practised using only unpurified
seeds Consequently, the first preservation schemesafable plants were established during
the 1960s. In the beginning, efforts concentratedh@ preservation of selected species (ex
situ conservation in botanical gardens, open-aisgums or gene banks). Conservation of

entire communities in situ or on farm was, howewneglected in those times.

This task was adopted only from the early 1970savd&swhen so-called field flora reserves
were increasingly implemented S_ENKER & ScHILL 1979). The objective was to protect
the regionally typical arable flora and vegetat@nthe ecosystem level under conditions of
low-input cultivation. The establishment of fieltbfa reserves was often linked to the

cultivation of ancient or regionally distributedopr varieties, and has been particularly
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pursued by the ‘Arable plant conservation workimgup’ in the former Eastern Germany. By
1989, almost 25 so called Important Arable Plarda&rhad been established it 1990).
Unfortunately, only 4-5 of these sanctuaries atksstbject to appropriate management, and

thus currently in reasonable conditiong¥R et al. 2008).

The implementation of conservation headlands imery

The goal of conserving viable populations of thabse flora in situ or on farm may also be
achieved by the concept of establishing extensimeyaged field margins. Here, field edges
are left untreated by herbicides, and the resultidditional labour effort needed and the
reductions in crop yield are financially compendaby governmental funds. In 1978, a field
margin strip program for arable plants - probalblg first agri-environment scheme in the
former West Germany - was established in the fédéaite of North-Rhine-Westphalia (Table
6.1, SSHUMACHER 1980). In the last three decades, numerous stindies investigated the
positive effects on the arable field flora of heitbe-free conservation areas in the farmland
(an overview of around 50 studies published beil®@4 can be found inaw ELSEN 1994).
This type of conservation measure has been distusstensively ever since it's first
implementation. Environmentalists have criticisedmpensatory payments for avoiding
environmentally damaging measures such as herbigdeo be absurd @b 1987, KocH
1991), whilst agrochemical companies advertise engpgins as beingptime examples of
how economy and ecology can harmoniously co-axisgriculturé. In any case, untreated
crop margins can play an important role in the eovetion of rare plant species and their
communities, provided that the field margins ardeaed according to criteria that highlight
their value in terms of threatened species presBEme. conservation success of the field
margin scheme thus depends heavily on the involmermed dedication of local experts on
biodiversity. Unfortunately, support by expertdasking in many cases, and the selection of
field margins to be included in the programme i$ In@sed on floristic richness or similar
criteria, but on suggestions by the farmers themeselwho have often the interest in the
programme in that they want the money but may ravMehthe most appropriate areas for
conservation. The most severely threatened locatidnare species are thus only accidentally
included in the protection measures, and the uténg@al of the scheme, i.e. to effectively

protect threatened arable plants, is rarely achieve
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Table 6.1 Key features of the implementation of the headllparogram for conservation of arable

plants in Germany (according tciJMACHER 1980).

Unsprayed conservation headlands for arable plants

... established 1978 as a pilot project by Proflfdémg Schumacher (University of Bonn)
the northern Eifel region (North-Rhine-Westphalia).

n

The basic idea: ‘To protect and support rare ségpiecies through targeted avoidanceg of
chemical weed control along the edges of managéasfi

» Under otherwise identical cultivation methods aezbetween 3-5 metres wide will be Igft
unsprayed along the edges of the cultivated field;

» the farmers who volunteer to participate will getahcial compensation for reduced
yields;

» in order to prevent the growth of weeds, a redwaggalication of fertilizers (and of lime i
sandy soils) is recommended

-

The success of conservation headland programs cradly depends...

e 0N an appropriate site selection which is targeiedhe presence of rare and endangered
arable plants and plant communities,

* on the mentoring of the participating farmers,
* on the engagement of biodiversity experts on-site.

In most cases, local authorities cannot be crédtigor this practise, as they often lack
sufficiently experienced personnel. For this reasbe German state of Bavaria occasionally
awards contracts to self-employed biologists toeutadke the professional evaluation and
monitoring of field margins in terms of biodivessitA positive example also comes from the
district of Euskirchen in North Rhine-Westphalidhewe the first unsprayed field margins (as
part of the previously mentioned pilot programmeyevestablished in 1978. The crop margin
programme was supervised by two full-time agriaalkiengineers from the governmental
agriculture agency until the beginning of the 199@®wviding very effective protection for
threatened species. Threatened species were fleativedfly protected. In contrast, despite the
preparation of comprehensive reports with recomragois for sites of high conservation
interest YAN ELSEN & SCHELLER 1995), the states Hesse and Thuringia failed dp the
rapid declines in rare arable plant populations wWere still common in the Eichsfeld region
and northern Hesse. Unfortunately, this seems tohberule rather than the exception in
Germany, particularly as available publicationsdtéa report the successful conservation

endeavours and not the failures.
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The ‘unsprayed conservation headlands’ programme walong-term favourite among
conservation agencies and reached its climax duttreg 1980s and ‘90s when several
thousands of hectares were covered by the progratmmeghout Germany. However, in the
last decade agri-environment schemes for arablet glanservation started to lose their

attractiveness for farmers for several reasons:

* the risk-aversion of weed spreadingfWEe & GERowITT 2009)

» the regulations and conditions for grants werelifirex,

» the prices for agricultural products - especiaklyeals - increased,

* new programs like the establishment of sown strgd mixed wildflowers offered
higher income optionwAN ELSEN et al. 2005, MANTE & GERoOwITT 2009) and

» the agricultural policy at the EU and nationalacbed rapidly and bureaucratic

procedures became increasingly complexi(M4eLD 2006,MEYER et al. 2008).

Even in some federal states known for ‘good prattike Lower Saxony (WeKE 2007) and
Thuringia (REISINGER et al. 2005) (Table 6.2), the area covered by headlandrams for
arable plants declined dramatically during the &a8tyears (Figure 6.1). In addition, current
agri-environment schemes usually run for 1-5 yearly, and thus provide no long-term
protection perspective which is required to presahe arable flora. Even if the contracts are
extended, farmers are allowed to move the lesssntely managed strip to another part of
the field which drastically reduced the benefit thawdiversity.

900
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700

600
500
400 —
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Figure 6.1 The development of subsidy rates (in 1.000 Eara) area sizes (in ha) of field-margin
strips in the federal state of Thuringia from tleay1994—2009.
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Table 6.2 Review of agri-environmental schemes for araldats as they are offered in some federal

states of Germany (data as of 12/2009).

What will be Requirements Subsidy
subsidised? rates
Bavaria e no usage of maize, clover, clover-grass, lucgragtoes , sugar beets
1.1 Extensive agri- | e no usage of catch crops
cultural cultivation e no cultivation between 15.04. and 30.06. every yea
for farmland birds e reduced seed density (row spacing at least 20 cm)
and arable plants e yield index (a measure of average site-specifip @utput) < 4.500» | 150 €/ha
e yield index > 4.500 — 350 €/ha
e optionally: no application of fertilizer and— 310 €/ha
Lower Saxony e field margin strips at least 6 and at most 24 rtalang field edges)
Conservation oriented e only grain crops, no other catch crops
management of e rape may be sown, maize not
agriculturally e no pesticides nor fertilizers
used sites e double row spacing (at least 18 cm)
1.1 Arable plants o fields with high conservation valuable are eligifibir complete or
partial protection
e subsidy rates for field-margin strips 425 €/ha
e subsidy rates for entire fields or parts of fields 275 €/ha
North e sites may rotate (total area covered must benedqiduring
Rhine-Westphalia allowance period
nature conservation | e without rotation: grasses may be controlled wilestive herbicides
of fields /field twice during the allowance period
margins, cultivation | e no usage of mechanical, thermal and electricatrotsof arable
for conservation of plants
arable plants 1. option — 350 €/ha
e no application of pesticides, growth regulatord anidic fertilizers
e no cultivation of perennial forage crops
2. option — 475 €/ha
e no application of synthetic chemical nitrogenifesgrs
e no application of pesticides, growth regulatord anidic fertilizers
e no cultivation of perennial forage crops
Rhineland- o field strips between 5 and 20 m in width. Fieldsénto be ploughed
Palatinate each year, but may be left unsown with crops esecpnd year— 650 €/ha
Arable plants e double row spacing (at least 20 cm) or/and hakfisg intensity
e no usage of fertilizers
e no usage of plant protection and weed control odsh
e alternatively: late stubble processing 45 €/ha
Saxony e grain may be cultivated at most 3 times in 5 retipely 6 years, or 4
A4 — nature times in 7 years
conservation e no cultivation of maize, rape and sunflowers
field cultivation with | e no catch crops
reduction of e usage of organic fertilizers only (liquid manusell manure), at most
pesticides and every second year
guidelines for e stubble processing at the earliest from the 1&ghteSnber onwards
cultivated plants e no application of herbicides, rodenticides, ingédes and growth
regulators— 304 €/ha

Thuringia
L32 — Field margin
strips

e only on agricultural sites with significant poptitas of arable plants
which are still used for agricultural production:

o field margin strips between at least 3 and at rAdsn in width (along
field edges)—

esowing of the same species of cultural plants athemest of the field

e no application of pesticides and fertilizers

e no mechanical processing other than sowing oddiel

e no cultivation of perennial forage crops and r@oips

e implementation is regularly monitored by the logature

conservation authority

452€/ha
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Conclusions and Outlook

Status quo of arable plant conservation projects

Against the background of ongoing climate changmservation should aim to ‘provide’
communities which are as diverse as possible. iBhiee only means of ensuring adequate
functional, taxonomic and genetic diversity to capiéh the need of adaptation to changing
environmental conditions @WPICKE et al. 2005). In addition, Germany has a high level of
responsibility for the protection of some arableedps and their metapopulations, e.qg.
Arnoseris minimeé&CHWEIGG. et KOERTE Bromus grossuBEesk ex. DC. and/eronica opaca
FrR. (WELK 2002, @YBULKA et al 2009), which can only be met by ensuring appsetpri
management of selected sites. In that sense, mtssf@ conservation of arable plants in
Germany are disappointing and the status of thielarftora is alarming. The results of the
guestionnaire campaign revealed that most consenvptojects for arable plants fail after an
often initially successful phase, which is mainlyedto the lack of long-term financial
coverage of the running costs. Remarkably, hathoge agencies or persons questioned had
not had any exchange of views with those involvedimilar conservation activities in other
regions, although 95% of respondents expressecdhtanest in an exchange of ideas and
experience. The respondents hoped that a naticgtslork would provide better public
relations, give new ideas for further activitiesdaresult in a general improvement in
conservation the status of arable plants. The iagishitiatives would benefit from a supra-
regional exchange and/or coordination, which coaldo help to gather advice on
management in order to optimise conservation measiBummarising the pros and cons,
those questioned felt that the few long-term itiites for conserving arable plants are mostly
positive in terms of species protection althougbneenic constraints are a permanent issue
(MEYER et al 2008). Another principal problem of the aforem@méd agri-environment
conservation schemes is that they just tackle pleeiss level, while genetic, community and
ecosystem levels are widely ignored. We therefaigee that the actual agri-environment
schemes with their strong focus on headlands aréheamost effective tool, with a principal
reason being that communities along field margnesahways subject to edge effects with the
possible consequence that ‘edge communities’ inynecases do not harbour the target plants
(i.e. threatened arable field species) but in gaetdominated by species from other habitats
(e.g. grasslands or hedges). The lack of long-tgptions (with contracts only ranging from
one to five years) adds to these problems and rerstiép protections schemes insufficient to
preserve the ‘hot spots’ of arable flora commusitreGermany.
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The conservation initiative ‘100 fields for diveysi

The project ‘100 fields for diversity’, which hagdn funded by the Deutsche Bundesstiftung
Umwelt (DBU) since 2007, attempts to cope with sh@rtcomings discussed above and to
meet the needs of long-term preservation in thecalgural landscape by establishing a
nation-wide system of arable field sanctuariestiier segetal flora and associated fauna. The
regulations for field management are stricter iis forogramme than in earlier schemes of
arable plant protection in order to increase thecass in biodiversity conservation. The
overall project goal is that management aimed esqwing and fostering arable plants is to
be guaranteed in the long term (up to 25 yeargtdeast 100 particularly suitable arable sites
throughout Germany. In that context, a suitablilfleas to meet the following criteria: high
floristic value in terms of species compositiond ahe signing of long-term contracts with
farmers and/or legally binding long-term commitngetiitat guarantee long-term protection. In
addition, the coverage of running costs for thetriew decades has to be ensured. Only a
long-term financial commitment will ensure the sappof farmers. This is one of the main
causes of the failure of earlier field margin staghemes which are dependent on agri-
environmental programmes with limited continuity.dddition, networking and the exchange
of ideas are of crucial importance, because evatemgonditions of low-input farming
practice, inappropriate management can lead tqgé#neal or full loss of the characteristic
species assemblages. Finally, the 100-fields tnigahas the goal to conduct a long-term
monitoring of these sanctuary sites by regionati$eape conservation groups. In 2010, the
first phase of the project will be finalised with laast 30 sanctuaries being already put in
place and having secured management over the reatds. Additional information on this
project is available in MYER & VAN ELSEN (2007), MEYER et al (2008), MeYER et al (2010)

and at project’s website: www.schutzaecker.de
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Key lessons learnt

The present study has shown that arable plant contiesiare under a dramatic threat, and
this refers to all major organisational levels. Hey objectives named in the introduction
spanned a wide range from the European scale tgdpalation level; the respective

chapters demonstrated that the initially statedceors were justified. The magnitude of

the problem becomes apparent by a quick look okeéldindings.

Threat status of arable plants — an European lagslkessment

The following key hypotheses were tested: (i) emptary variables can be identified
which can predict a ranking of countries in terrhshe numbers of arable species that are
nationally rare or threatened, and (ii) that tHatree sensitivity of arable plant species to

these variables can be quantified.

For the first time a suite of arable plant speaies identified that are threatened at a
continental scale due to the increasing intengiboa of agricultural production.
Hypothesis (i) was supported as we found a posiwationship between national wheat
yields and the numbers of rare arable plant speiciea given country. The survey
established that for every extra tonne/hectare ledat produced approximately ten more
plant species become nationally threatened. Maalyl@plants are still relatively common
in countries where agro-chemical inputs are modesgmples include the new EU-
member states or the southern European stateoniparison, the share of threatened
plants is much higher in countries with highest athgelds found in Central and North-
Western Europe such as Germany, Switzerland orridusthere, threats continue to
increase due to changes in the abandonment orfdraregion of arable land, types of
cultivated crops or re-intensification of former ngiaal arable land for the cultivation of
biofuels/bioenergy crops.

Ranking species according to their threat levepsued hypothesis (ii); species that are
specialized on a single crop (e.g. flax speciglist® particularly vulnerable, including
several taxa that have coevolved to mimic morphodg@r phenological characteristics of
their host crop (WRLAN 1965). Some of these species are anecophytesnaittnown
natural habitats outside the cultivated field arelendemic to Europe. For no clear reason,
they are nonetheless not listed on any of the amek the Natural Habitats Directive of

the European Union.
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The European scale study has also demonstrate@asent use of agro-chemicals,
especially in central and north-western Europecivizaused losses for a group of species
adapted to intermediate fertility. They share ailsimecological strategy, reflected in a
relatively short stature and/or a large seedscatilig a specific ecological response to the
drivers of disturbance and fertility (#8ToBY 1998). A short stature will result in a low
competitive ability in dense crop canopies, wha@easing fertilizer use resulted in non-
limited nutrient availability and intense competitiwith light becoming the main resource
limiting growth ((AUDET & KEDDY 1988, KLEIIN & VAN DER VOORT 1997). As opposed to
more characteristically stress-tolerant ruderatngs @IME et al. 1997), which may
continue to persist in other disturbed, less prodecenvironments, species with a
combination of short stature and large seed haga fmind to be adapted to habitats with
intermediate fertility (SORKEY et al 2010) - habitats that are declining most rapidly

response to increasing eutrophication of landsceyitegn Europe (8DING et al. 2005).

Turnover in arable plant communities — do we needheav syntaxonomy of arable
vegetation?

The hypotheses were tested that (i) after fiveixalecades of agricultural intensification
the composition and richness in arable plant comtesnwas altered drastically and (ii)
that plant associations have been largely replamgdragmented communities, with
diagnostic species for the association level disappg faster than diagnostics on higher

levels.

Moving to a finer spatial scale, we assessed clmamgerable plant communities by
comparing historical relevés from the 1950s/60$ wétsampled relevés taken at the same
fields in 2009. In a first step, communities weaenpared with respect to the occurrence
of diagnostic species that allow classification sthnds with respect to established
phytosociological syntaxonomy. Hypothesis (i) wasnfomed as our supra-regional
comparative study indicated fundamental shiftsamposition and richness of the Central
German arable plant communities over recent decéagsrticular, the diagnostic species
of the alliances are disappearing to a dispropaatiely large extent. This is in line with
other investigations within Central Europe (e.gLBtt 1985, TRZCINSKA-TACIK 1991,
MAJEKOVA et al 2010), where diagnostic species on alliance, roathel class level are
declining less rapidly than association charagqtecees.
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Nowadays, floristic differences between communyfyes have largely disappeared, which
indicates homogenization of arable plant commusnided renders placement of recent
relevés in established phytosociological systems|@ady described above, difficult. This
supports hypothesis (ii); field interiors are noagsl almost ‘free’ of plants and often only
a limited set of 4-5 ‘agrotolerant’ highly compaté and therefore common species such
as Chenopodium albunlL., Polygonum aviculareL. or Galium aparine L. occur
everywhere. In accordance with other studies (ERED et al. 2009a), losses affected
species that always have been rare but also conspecies decreased in density and
frequency. Our results indicate that the main dioecof this transformation process is
towards the development of fragment communities ldek any diagnostic species for the
association level. Our results imply that a countdg effort to update classification of

extant arable plant communities is urgently needed.

Dramatic impoverishment of biodiversity in arablamt communities

The key hypotheses were that (i) agricultural istieation has resulted in a reduced
diversity of crop varieties and in denser crop dsaparalleled by (ii) significant shifts in
the composition of the arable communities with ity losses in archaeophytic species
and increases in neophytic species and Poacaadh@ise shifts differ in intensity among
different geological and thus soil substrate.

The long-term comparison spanning 5-6 decades shdhet crop diversity decreased
while crop cover generally increased confirming diyyesis (i). Winter cereals, oilseed
rape and maize are most common today, while ragpscand summer cereals showed
large declines in cultivation. Analysis of Ellengdndicator Values pointed to increasing
nutrient availability in the fields, which mirrotee general trend in croplands of Germany
where fertilizations level have increased since01$%®m 40 to 105 kg N hayr!

(ELLENBERG & LEUSCHNER2010,UMWELTBUNDESAMT 2011).

Supporting hypothesis (ii), our resampling of higtal vegetation relevés revealed
tremendous losses on the plot level during thergfieyiod, when species richness declined
by c. 65% (a median loss of 17 species per reléug).magnitude of loss is in the upper
range of values previously reported from Centraioga (30 — 90%, review byLBRECHT
1995). In our sites, cover of the arable plant camitnes declined to about a tenth of its
original extent (from 30% to 3%), corresponding7& of cover loss reported for other
European countries (sensueR 1992, ANDREASEN & STREIBIG 2011). Archaeophytes
showed pronounced losses in both richness and ,cotéch were, however, in the same
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order of magnitude as the losses in indigenoustglarhe total number of neophytes
recorded in our sample increased slightly. Lossethe plot level were partly mirrored at
the level of the regional species pool, where 7%ataorresponding to 23% of all
previously occurring species disappeared. This dadiser support to hypothesis (ii) and
corroborates studies describing 20-50% losses &riep pools of other regions in
Germany (ABRECHT 1995). In Eastern Europe (e.g. in Slovakia), whageicultural
transformation processes started later and arahieirig is less intensive, less than 10% of
the species have disappeared during the past 56 (MaeEkoVA et al. 2010).

As hypothesised (iii), losses differed between ggichl substrates with sandy sites being
less severely affected, where some specializedespstill find habitats. Losses were most
pronounced on calcareous soils. A study from thec@ Republic (bsosovA& GRULICH
2009) explained the high losses in these commugnitieth their high share of
archaeophytes, a group of arable plants with préaummiy Mediterranean origins and
particularly high light demand and thus particutansitivity to increasing crop cover.
Nowadays, the vegetation of calcareous sites sl@ogimilar community composition as
that on sandy on fertile loamy soil, where spebtisses were intermediate in comparison
to sandy and calcareous soils. Thus, we obsergbeha trend towards homogenization in
community composition where specialists have disapgd and generalists have increased,
reflecting the growing uniformity in crop managernenhemes and soil fertility levels in

recent time.

The influence of habitat fragmentation on the gerstucture of rare arable plants

It was hypothesised that (i) genetic diversityas/land genetic structuring is pronounced
in isolated populations of the arable plaAtsaestivalisand C. regalisand that (ii) the
extent of genetic structuring is related to therdegof habitat fragmentation at the

landscape scale

Although minimum levels of genetic diversity argaeded as essential{IELMANN et al.
2004, Imp & PeENUELAS 2005), population genetic studies are widely lagkfor rare
arable plant species RBTTING et al. 2012a). So far, only common species were assessed
in this respect (&MIDT et al.2009,DELYE et al.2010). Consequently, little is known on
whether agricultural intensification affects ramedasmall arable plant populations, and
whether genetic structure varies among species iffereht landscape scenarios.
Comparing three intensively used, and three extehsused regions of Eastern Germany,
we surveyed populations éfdonis aestivalid.. and Consolida regalisS.F.GRAY using
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dominant amplified fragment length polymorphism keas (AFLP’s). In contrast to
hypothesis (i), within-population diversity leveis A. aestivalisand C. regalis were
significantly higher and genetic evidence for fragation was significantly lower in
populations located in the homogenous landscape ith@opulations of the structurally
diverse landscape. The lack of evidence for ismhaliy distance suggests that population
structures still reflect genetic bottlenecks caudmed recent and historical habitat
fragmentation and founder effects. A likely expldom@ is that higher proportions of
unsuitable habitats in the diverse landscape ssi@rasslands and forests form some kind
of barrier for gene flow among populations. Apaxinf barriers to natural gene flow,
barriers to gene flow by human activity may diffegtween the landscapes, since in the
monotonous region (fewer farmers and fewer traatatBvate more land), thus increasing
the likelihood of spreading seeds across the redgboich sporadic gene flow over larger
distances by human activity (e.g.oN & PoscHLOD 1998) in combination with
population differentiation could also explain tlaek of significant isolation-by-distance in
our data sets.

In support of hypothesis (ii), genetic diversity svgenerally low in both species, with
structures being slightly more favourable in théconssingC. regalis This corresponds to
results from another study jointly conducted withleagues from the University of Halle-
Wittenberg, where the genetic structure of six kergilant species was analysed with
RAPD fingerprints (RUTTING et al. 2012a). Levels of genetic diversity proofed gelnera
to be low, and were especially detrimental in spedisted as threatened on the German
Red List. Again,C. regalis still had the (relatively) highest genetic divéysiwith A.
aestivalisbeing intermediate.

Effectiveness of current schemes and programs
We hypothesized that (i) the status quo of curcenservation concepts for the arable flora
Is insufficient and that consequently (ii) new letegm strategies for conserving arable

plant communities are needed.

Our nationwide survey about current efforts on potng arable vegetation supports the

hypothesis (i) that there is a further need foemsifying efforts in the conservation of

arable field plants in Germany. Previous activitisach as the creation of field flora

reserves, were often restricted to short-term andles initiatives without any regular

exchange of experience between experts. Therefoa@y projects fail shortly after an

initial success phase due to a lack off long-teimarfcial coverage of the running costs.
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Furthermore, agri-environment schemes (AES) aréndgosheir attractiveness due to
modified regulations and conditions for grants, cessive changes on programming
complex bureaucratic procedures and a generalaseren revenue farmers can obtain
from standard intensive agriculture. Finally, mo&the reviewed conservation initiatives
fail to tackle the increasing fragmentation of #alplants in Germany (as already

described above).

The participants in our survey pointed out thatiatives for the protection of arable

vegetation can only be successful if sound fundmgavailable as well as regional
supervision and support. As hypothesised, the relgus hoped (i) that a national
network of arable plant experts would provide betpeiblic relations, could foster

development of new ideas for further activities aedult in a general improvement in
conservation of arable plants. The existing initieg would benefit from such a supra-
regional exchange and/or coordination, which coaldo help to gather advice on
management in order to optimise conservation measWore practical perspectives are

listed in the last subchapter below.

Examples: Trends in selected characteristic species

Modern high-intensity agriculture puts strong fiten species’ presence in arable fields.
The current management regimes select againsteasgacies with short stature, large
seeds, and late flowering which are nowadays tdditsare and threatened arable plants
(STORKEY et al. 2010). The few ‘agrotolerant’ arable species bieriefm high fertilizer
inputs in a similar manner as do crops, are ofegbibide-resistant and have adapted their
life-cycles to that of the crops allowing them tecbme ubiquitous weedsKIED et al.
2010). Further expansion of the area planted widgrgy crops and widespread cultivation
of genetically-modified crops in future times magult in even further impoverishment of
arable plant communities with eventually only a fénghly stress-tolerant generalist

species persisting.

Numerous arable plant species are already considbreatened and have shown a very
sharp reduction in frequency on the regional le@ele third of the species remained stable
and only a handful of species (modByomusspecies, some of them now erroneously red-
listed) have increased slightly during the lastadiss in Central Germany. Negative trends
in even formerly common species were reported fsmathern England (8 CLIFFE &

KAy 2000), and add support to concerns that commowgiegpend thus associated
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functions such as pollination webs are also afte¢@@sson et al. 2006). The results of the
presented studies generally confirm reference gsrirem many other countries in Europe
(e.g. RIED et al. 2009b). Most strongly affected are arable plant§edls with extreme
soil reaction and only a moderate supply of nutsefror exampleAnagallis foemina
MiLL., a diagnostic species of the Caucalidion platypear alliance was not
encountered at all in 200Rgrostemma githagd.., which by 1950s/1960s was only
sporadically found due to effective seed cleaniaghnhiques (HBIG 2007), has also
vanished. Even formerly common species suchCassolida regalisS.F. GRAY often
completely disappeared form field interiors, ane mowadays restricted to field margins.
Formerly rare species, suchBigpleurum rotundifoliunt., remained stable on a low level,
or disappeared entirely likBurgenia latifolia(L.) HOFFMm. Finally, we also found a sharp
decline in the frequency and cover of most Poaseaeding those species that are known
to be aggressive and yield-suppressing weeds etsevduch aédlopecurus myosuroides
Hubps. or Bromus sterilis(L.) NEvskI. Neophytes also declined with the exception of the
neophytic grasseénthoxanthum aristatunBoiss that showed slight increases. In the
following, seven of these species are briefly disewd (for pictures see Appendix Figure

S7.1 in the Supporting information).

(1) Agrostemma githagb. — Common Corncockle

In the 19" century, this Caryophyllaceae was still commordyrfd in the cereal fields,
covering all kind of different soils (e.geRHENBACH 1844, \OCKE & ANGELRODT 1886).

Its seeds are large and black, ahdgithagois a prime example for the influence of
improved seed cleaning techniquesR@ANK 1988). This plant was adapted to the life
cycle of cereal plants and had to rely each yeapoeading with the ‘contaminated’ seeds.
In our study areas, the corncockle was already iratee 1950s/1960s and restricted to
fields used for subsistence agriculture (5% in degcy of occurence), but disappeared
from today’s fields. To our knowledge, today lekart ten ‘autochthonous’ populations
remain within Germany, most of them on special eovretion sites, (e.g. Schellenzipf,

Wolferode, Tauer).

(2) Bupleurum rotundifoliunk.. — Thorow Wax

The archaeophyti8. rotundifolium(Apiaceae) is restricted to extremely warm soild a
can in Central Germany be only found on calcarexies. The plants are very beautiful;
the flowers are yellowish and are self-pollinatedimsect-pollinated. In Germany, the

species has experienced severe losses; more tBaroBrmerly occupied raster cells
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have been abandoned in the last 5 decades (BfN).20h&row wax is now one of the
rarest arable plants within Germany and is theeefsted as threatened with extinction
(KORNECK et al. 1996). We studied the genetic structureBofrotundifoliumin Germany
and neighbouring states KBTTING et al. 2012b). Values of genetic diversity were very
low; gene diversity and structure implied that isglf plays an important role in the
reproduction. The proportion of polymorphic locir p®pulation varied between 9.4% and
38.7%, with those from Eastern Germany being Sicamitly less diverse (mean 19.1%)
than those of the other group (mean 25.5%). Mosh@fpopulations of the eastern part of
Germany formed one cluster, and most of the WedBarman populations as well as
populations from outside Germany built another grothe@sr-value was very high (0.65)
and there was evidence for isolation-by-distandé wirong effects particularly in Eastern
Germany. Consequentlfg. rotundifoliumpopulations should be closely monitored over
the coming decades, and restoration plans sholtl ttee presence of the two mad

rotundifoliumcluster groups into account.

(3) Consolida regalisS.F.GRAY — Forking Larkspur

This Ranunculaceae has a beautiful violet-blue wo({ced or white larkspurs specimens
also occur rarely), which is not commonly foundour wild plants.Consolida regaliss
considered as a diagnostic species of of the Cadizal platycarpae alliance and was
formerly widespread on calcareous fields. In owrdgt areas, its frequency declined
dramatically from 22% up to only 3% in the lastefidecades. As a resuli, regalisis
listed as endangered on the German Red List (R{CCBNECK et al. 1996). Own genetic
investigations on Central German populations redah higher within-population
diversity of C. regaliscompared to other arable plants, differentiatiotwieen populations
is relatively low (BRUTTING et al. 2012a, chapter 4 above). Forking Larkspur is eticegl

in not being self-pollinating (&NSsSON& WIGREN 1986), which may explain that it is less

affected by isolation than other arable plants.

(4) Anagallis foeminaMiLL. — Blue Pimpernel

This Primulaceae is in phytosociology regarded asharacteristic species of the
Caucalidion platycarpae alliance and still occuraea frequency of 5% in frequency
some decades ago. In the resampling survey of 2009]id not observé. foemina A
possible reason for that could be the loss of seufaliows, because stubbles are nowadays
often cultivated immediately after harvest. With ghort staturé. foeminaneeds open

conditions, which in today's dense grain stocksoatg available after crop harvesting. We
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found a high differentiation among populations &edy low within-population diversity in
A. foemina populations (BUTTING et al. 2012a). Although rare and genetically
impoverished, the species is not red-listed and tivassole example where the red-list
status did not match the genetic structure. Redtedus should thus be raised. Most likely,
the abundance ohk. foeminais overestimated because it is often confused thi¢ghrare
blue-flowering form azurea of the more commor. arvensisA reliable determination is
possible because the latter has many three-celedigjar hairs on the smooth margin of
the petals vs. few four-celled glandular hairs loe $errated margin of the petals of three-

cell glandular hairs at fringe of the otherwise sthagpetals A. foemina.

(5) Bromus steriligL.) NEVSkI — Barren brome

During the last few years, a rapid increase innhiber ofBromusstrains with herbicide
resistance has been observed in Germanyiz(BANTAELLA 2011, personal
communication), and consequently the PoacBaesterilis is now one of the most
aggressive weeds on German fieldsoMy et al. 2003). In the historical dataset of the
1950s/60s it was still absent from field interiovéhere it is relatively common today
(frequency 15%); in field margins in can be consdeaggressive (54%). The recent
spread of barren brome is next to the fact of labi resistance also linked to the
widespread adoption of low-tillage systems, eadgding dates and winter cereal-based
crop rotations (MRAY et al. 2003). FurthermoreBromus species have been found
surviving in grass-rich boundary strips betweeldgwhich serve as a major seed source
for continuous re-infestation of the fieldsHFAKER et al. 1995). An investigation by &®v

et al. (1996) has shown that under natural dispersal 80€¥ of the Barren brome seeds
were scattered within 1m of the mother plants, atsked dispersal @. sterilis by

combine harvesters was observed up to a distansenof

(6) Alopecurus myosuroidd$ups. — Black grass

Among the few grass species experiencing an ineneasequency are several taxa known
to have developed herbicide resistance suclA.asyosuroideswhich locally had a
fourfold increase presumably due to resistance Idpaeent (MENNE et al. 2008). This
species also benefits from an increased abundaneénter cereals and earlier sowing
dates (Miox et al.2011). From Great Britainl8 cLIFFE & KAY (2000) reported that Black
grass, which was mainly limited to loamy soils imet1960s, is now also found on
calcareous soils. In contrast, we found a sharfirge frequency (2 to 8% today) and

cover ofA. myosuroidesinterestingly A. myosuroidesvas strongly restricted to loam and
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lime substrates. It was a common plant species éstavn Germany in the 1980's
(HAEUPLER & SCHONFELDER 1989), while it was considered a rare plant int&as
Germany (HLBIG 2010, personal communicatiomlopecurus myosuroidds among the
few arable plants species that had been studiedtigatly before. BLYE et al. (2010)

observed an efficient gene flow between populations

(7) Anthoxanthum aristatuBoiss - Annual vernalgrass

This grass, with its distinctive cumarine smell,nsophytic on nutrient-poor and sandy
fields (KLAGE 1999). In the current phytosociological syntaxogpm
Annual vernalgrass is regarded as a diagnosticespat the association of Teesdalio-
Arnoseridetum, together witArnoseris minimaSCHWEIGG. et KOERTE, Hypochaeris
glabra L., Galeopsis segetumNeck., Teesdalia nudicauliL.) R. BrR. and Aphanes
inexspectatdV. LIPPERT. As the other diagnostic speciés,aristatumis now rare and one
the few examples of arable neophytes being reedias endangered in some federal states
(e.g. Thuringia, KWRSCH& WESTHUS2011). In our study, the grass was only observed o
sandy soils and slightly increased in frequencgn(frl up to 6%) within the last decades.
Most other sampled neophytes were already rarénenhistorical data set and, to our
surprise, declined even further between the 1988s#hd 2009. Thus, we found no
evidence that neophytes as a group profited frordemoland use practices, instead they
showed similar losses or remained essentially stabla low level as did other groups of

arable plants described above.

Effective conservation measures for arable plants

The present studies once again highlighted thatetl®e an urgent need to conserve
communities which are as species-rich as many o@etral European ecosystems,
because this is the only means of providing adeqganetic diversity for allowing the
necessary adaptations to changing environmentatlittoms (SPIELMAN et al. 2004,
HAMPICKE et al. 2005). In recent years, scientific and public @nchas also arisen
questioning whether the observed losses in agreystems on both flora and fauna will
effect ecosystem functioning and servicesr@EAN & VATOVEC 2004, TSCHARNTKE et al.
2005). Studies from cultivated areas in Switzerl@DdeLLI & OBRIST 1998, BRIST &
DUELLI 1998) have clearly demonstrated direffeets of a higher diversity of the flora on
the diversity of the fauna. Consequently, trendgh@ number of plant species are an

appropriate indicator of losses in other taxonognaups.
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Results of functional biodiversity research haverbeonducted primarily in grasslands
but, numerous recent studies have pointed outahdiverse arable flora is not only of
importance for conservation of biodiversity, bugagblays a key role for the functioning of
agro-ecosystemsg$eELSTEINet al. 1991, ATIERI 1999, ALBRECHT 2003, RANKE et al
2009). Arable plants have been identified to prevideneficial ecosystem services
(GEROWITT 2003), e.g. mineral N storage in periods of ovepdy (MAHN 1992 BLANK &

Y OUNG 2004,MAJUMDER et al 2008) can develop a more dense rootsystem andeexbil
erosion (RRoOck 1982, WEIL 1982, SVANTON 1996), offer pollen for pollinating insects
(GABRIEL & TSCHARNTKE 2006, GBSON et al. 2006) or promote an increase in the
diversity of soil organisms @®NTWIG et al 1998, NENTWIG 1999). Arable plants host a
wide variety of phytophagous insect species whiah an important food resource for
farmland birds (BAMBERLAIN et al. 2000, MARSHALL et al. 2003, SORKEY & WESTBURY
2007). Furthermore, arable plants play an importalg for biological control, because
they offer shelter, feeding sites and reproductipportunities for natural enemies of pests
(WELLING et al. 1988, SHELLHORN & SORK 1997,BARBERI et al. 2010). In this context,
for example, HYDEMANN & MEYER (1983) reported 1200 different phytophagous insect

species on 102 arable plant species in Northerm&wy.

There is much concern about conservation conceptéafmland birds in Germany (e.g.
SUDFELDT et al 2010), but arable plants are surprisingly negl@calthough they are
essential primary resources for all higher trogkiels (ALTIERI 1999, MARSHALL et al.
2003, Fhwes et al. 2010, EvANs et al. 2011). In this context, until now only few studies
(e.g. ETIT et al. 2010) investigated the ecological function of indual arable plant
species and consequently future research in thesttn is urgently required.

The current state of arable plant conservation er@any

The results show that losses in population sizelsdarersity have been stronger in arable
plant vegetation than in any other habitat typehie Central German cultural landscape
(ELLENBERG & LEUSCHNER 2010). Currently, around one third of approximat8b0
arable plant species in Germany is considered gdad (FOFMEISTER& GARVE 2006).
Germany has a high level of responsibility for fmetection of some of these species
(WELK 2002), includingArnoseris minimeé&SCHWEIGG. et KOERTE, Bromus grossu®Eesk

ex DC. andVeronica opacaFR. which can only be conserved by ensuring apprteria

management of selected sites.
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The effectiveness of current agri-environment sa®rfAES), as the most important
conservation measure on arable land, has beenianebt(KLEUN et al. 2001, 2006,
MEYER et al. 2010a, #uTH et al. 2010). Several studies demonstrated that agri-
environment schemes generally increase the richofeasable plants (KN et al. 2006,
BUTLER et al. 2009). In most of the federal states of Germangyipusly successful AES-
measures for the conservation of arable plantd) ascthe establishment of field margin
strip programmes, have unfortunately stopped dughémges in funding, lack of regional
support or increased levels of administrative resuents (MYER et al. 2008, 2010a).
Another principal problem of the aforementioned AiEShat they just tackle the species
level, while genetic, community and ecosystem leak widely ignored. Therefore, the
AES with their strong focus on headlands are netrtlost effective tool, with a principal
reason being that communities along field margnmesadways subject to edge effects with
the possible consequence that ‘edge communitiesiany cases do not harbour the target
plants (i.e. threatened arable plant species)rbfadt are dominated by species from other
habitats (e.g. grasslands or hedges, see alst¢sresahapter 2).

Our results together with the findings oRBrTING et al. (2012a, b) confirm that after only
5-6 decades of intensified agriculture, most arpkd@ts already show detrimental genetic
structure. Habitat fragmentation nowadays has @resfected extant populations, and
provenance issues become of fundamental importfangeossible restoration schemes. In
the future, conservation schemes for arable plaatsl to tackle genetic aspects and to
promote efficient gene flow within and between pagions. Examples are increased
connectivity of field margin strips and conservatitelds, or seed transfer due to grazing
by e.g. sheep (local nomadic shepherds).

Options for improved conservation measures

An initiative has been launched recently to idgntiew solutions for the protection of
arable plants in Germany. A nationwide network bfeast 100 so-called ‘conservation
fields’ (‘Schutzacker’) was designed to countettéiet ongoing loss of arable plants species
(MEYER et al. 2010b). On the selected fields, crop managensecariried out without any
application of herbicides and by taking into coesadion specific management
requirements of target arable plant species. Ttoeseservation fields’ can constitute an
important element of biodiversity conservation iar@any’s intensively used agricultural
landscape and may help to preserve highly endadigeaet species and their communities

for the future. Nevertheless, due to their sizatdtions, initiatives like the network of
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conservation fields can only be a first step totgub a sufficiently large part of

agrobiodiversity in Central Europe.

In 2007, the German federal government passed #&tieril Biodiversity Strategy (NBS),
which is in accordance with the guidelines of th&einational Conference on Biological
Diversity (Convention on Biological Diversity [CBD]BMU 2011). For the agricultural
sector, the NBS aims at a significant enhancemétiaaliversity by 2020; to that end
populations of the majority of species in agrictdtuecosystems should increase from
2015 onwards. For the implementation of these taygihe design of the Common
Agricultural Policy of the European Union (CAP)e&f2013 will be of major importance.
Currently, important agricultural policy principlese discussed at European and national

levels.

The proposed CAP reform so far includes no speggfitiirements or targets for the EU or
individual member states to include plant consémmaimeasures or agri-environment
schemes. The implementation of such schemes demendse interest of the member
states and on the willingness of farmers to adbptd schemes. However, among the
potential actions that are currently discussedroigg the CAP reform are some that may
also concern the conservation of arable plant diterThe so called ‘greening’ of the
CAP basically implies that, in addition to the lwaggricultural subsidy payments (Pillar 1),
each agricultural holding will receive a paymentr geectare for respecting certain
agricultural practices beneficial for the climatedahe environment. Among others, these
beneficial agricultural practices should includeimenance of an ‘ecological focus area’
of at least 7% of farmland (excluding permanensgiand) — i.e. field margins, extensively
used arable sites, hedges, fallow land, landscegtires, biotopes or buffer strips. The
implementation of such a minimum ecological focusaaalso aims at slowing down the
decline in farmland biodiversity, most notably mensive farming areas (RCHEWITZ et

al. 2005, @owbEeRet al. 2010, QBRIEL et al.2010).

In addition to the described possible ‘greeningtteg Pillar 1, the CAP reform might also
affect the future design and financial resourceagsf-environment schemes under Pillar
Il. Regardless of whether they are included asngiaiemeasures in Pillar | or I, future
conservation programs for arable plant diversitgchéo be more effective in yielding
benefits for plant conservation, e.g. PaymentsEiovironmental Services (PES) schemes
(ULBER et al. 2011). In this context, it will be necessary tanmle a list of indicator

species which can be used for monitoring and etialyahe actual benefits of certain
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measures for arable plant conservation. A mod@rdvided by the European Farmland
bird index (REGORY et al. 2005) which has been widely established as a useficator

on a European basis. A similar arable plant inde¥dbe a useful tool to monitor trends
on a continental scale in other elements of biadityein this habitat. In any case, future
approaches to arable plant conservation have todse comprehensive in several aspects:
extensive research is still needed, and conservatiost translate this research into
practice. The focus must shift from the field-level the farm-level and the still rarely
utilised whole farm approach of conservation adwa@éarmers (BPERMANN et al. 2006,
JEDICKE 2009, FocHA 2009) should be expanded more strongly. Onlywliisensure that
our cultural landscapes will still host sufficidsibdiversity and are able to provide crucial

ecosystem functions and services.
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Summary

Since the first creation of arable land a crop-&elhfilora and fauna has developed as a by-
product of low-intensity agriculture. Intensificati and economic optimization of
agricultural production during the last few decadese led to simplified agricultural
landscapes and a decrease in spatial heterogerestyfing in a dramatic loss of species
diversity and population decline of arable plamtsthis context, numerous recent studies
have pointed out that a diverse arable flora play&ey role in the functioning of
agricultural systems, acting to maintain benefi@ablogical functions (e.g. support of

higher trophic levels or provision of ecosystenvees).

The aim of this thesis is to provide insights itite influence of agricultural intensification
processes on shifts in arable vegetation from thirental to the population level for
evaluating existing arable plant conservation sasem@and proposing future strategies.
Within the framework of this thesis, all observatb studies were carried out in Central

Germany.

This study demonstrates a dramatic impoverishmettieoarable vegetation on all major
organisational levels. At the continental Europseale, we found a positive relationship
between national wheat yields and the numbers &, areatened or recently extinct
arable plant species in each European country. d¢ Wound that for every extra
tonne/hectare of wheat produced approximately teremplant species become nationally
threatened. Specialist species adapted to certajps avere among the most threatened.
The results from this study showed that the in@éasse of agro-chemicals, especially in
the EU Member States in Central and North-Westenojie, has selected against a larger

group of arable species adapted to habitats wighnmediate fertility.

Moving to finer scale on the community level, tisiaidy clearly demonstrates that the
European-wide intensification of arable habitat bhas led to massive shifts in the arable
plant community composition. In the 1950s/60s, maistthe relevés could be easily
assigned on association level, while the receetés could often only be classified at the
level of higher syntaxa such as alliance, ordegs<lor ‘fragmental’ floristically-
impoverished communities. In this context, our gsialrevealed a reduction of 23% in the
number of species in the regional species poohdutie 50-yr period, dramatic losses in
plot-level diversity (median loss of 17 species pevé) and decreasing population sizes
of rare and diagnostic species. The results aldicate that vegetation changes depended
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on geological substrate, with sandy sites being keverely affected. Furthermore, the
average cover of arable plants has dramaticallyedsed to a tenth of its original extent,
while crop cover generally increased and crop &iterdecreased. Archaeophytes,
neophytes and most Poaceae (including some higitiypetitive weeds) showed large
frequency losses similar to that of indigenous aeréous plants, but only modest changes
in their share of total arable plant cover. Theeobsd increasing Ellenberg indicator
values (EIV) for nitrogen and pH indicate that Ntilesation may, in combination with
increasing usage of herbicides and denser cropistact as a major driver of change in
the arable vegetation. Consequently, the reporear ¢rend towards homogenization in
community structure, where specialists and diagnospecies have disappeared and
generalists increased is reflecting the growingarmity in crop management schemes

and soil fertility levels in recent time.

The reported decreasing population sizes, espgamtare species with small populations
(in this caseAdonis aestivalid.. and Consolida regalisS.F.GRAY), are shown to affect
their genetic diversity. In this context, also lacdpe complexity plays an important role
because genetic structure varies among speciep@pulations. However, contrary to
expectation, within-population diversity levels thie speciesvere significantly higher in
populations located in monotonous landscapes thgopulations of structurally diverse
landscapes. Populations from diverse landscapésretif more significantlyffrom each
other than those from monotonous landscapes. Fartite, we observed high within-
population diversity for the outcrossi@) regalis but low within-population diversity for
the self-pollinatingA. aestivalis However, neitheA. aestivalisnor C. regalisshowed a
significantisolation-by-distance regardless of landscape strec

In conclusion, the present study shows that arplalet communities are under dramatic
threat, affecting all major organisational leveisnfi the European scale to the population
level. The rapid shifts in the highly dynamic agraesystems within the last few decades
have strongly influenced community structure, pldimersity, population sizes and genetic
variation. To achieve the defined target of incregishe population size of the majority of

species in agricultural ecosystems by 2015, nefeciéfe and innovative schemes and
programs are urgently required. Especially thegtesf the Common agricultural policy

(CAP) after 2013 will be of major importance foethask to halt the loss of arable plant

biodiversity in the agricultural landscape
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Zusammenfassung

Seit Beginn des Ackerbaus hat sich eine an dieukarten angepasste Ackerbegleitflora
und -fauna entwickelt. Intensivierungsprozessdatawirtschaftlichen Produktion flhrten
in den letzten Jahrzehnten zu einer stetig vorasgehden Umstrukturierung vieler
Agrarlandschaften und einer Abnahme der Habitatditz&g. Diese Entwicklung war
verbunden mit einem dramatischen Verlust der Argdfalt und einem drastischen
Ruckgang der Populationsgréf3en von Segetalartene Reihe von Studien zeigt aber,
dass eine artenreiche Segetalflora eine entscluaddtolle bei der Erhaltung der
Funktionsfahigkeit von Agrar-Okosystemen spieltB.z.durch Foérderung héoherer

trophischer Ebenen oder durch die Bereitstelluny®kosystemdienstleistungen.

Die vorliegende Arbeit untersucht die Auswirkungger ackerbaulichen Intensivierung
auf die Segetalvegetation in Mitteldeutschland ddwauf Landschafts- als auch auf
Populationsebene. Die Ergebnisse dieser Untersgelnunvurden zur Evaluierung
bestehender Projekte zur Férderung der Segetatjematzt und liefern eine Grundlage fur

zuklnftige Schutzstrategien.

Die Ergebnisse der Untersuchungen zeigen eine dsoha Verarmung der

Segetalvegetation auf allen wichtigen HierarchiestuAuf europaischer Ebene konnte flr
alle europdischen Lander nachgewiesen werden,aladsdoherer Weizenertrag auch mit
einer erhoéhten Zahl gefahrdeter Segetalarten aphér So hatte jede zusatzlich
produzierte Tonne Weizen/ha eine Gefahrdung vora erehn weiteren Segetalarten
Landern zur Folge. Dabei scheinen die an bestiniuteirarten angepassten Spezialisten
am starksten vom Aussterben bedroht zu sein. Diterfichungen belegen, dass der
verstarkte Einsatz von Herbiziden in den EU-Mitdétaaten in Mittel-und Nord-

Westeuropa zu einer Selektion ausgewahlter Segetalgefiihrt hat, die an die heutigen

nivellierten Standortbedingungen angepasst ist.

Auf Gesellschaftsniveau, zeigen unsere Untersuctumigutlich, dass die Intensivierung
der Nutzung von Agrar-Okosystemen zu massiven Viebongen in der Zusammen-
setzung von Segetalgesellschaften gefuhrt hat.eim $O50er/60er Jahren konnte die
Mehrzahl der Vegetationsaufnahmen noch auf Assomsgbene zugeordnet werden,
wahrend sich aktuelle Vegetationserhebungen ofthooh auf der Ebene hdherer Syntaxa
wie Verband, Ordnung, Klasse oder als floristisiksverarmte Fragment-Gesellschaften

einstufen lieRen. In diesem Zusammenhang kannrirfedeten funf Jahrzehnten auch eine
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Verringerung des regionalen Artenpools um 23 %,deamatischer Artenverlust auf Plot-
Ebene (mittlerer Verlust von 17 Arten pro Aufnahm&)wie stark zuriickgehende
PopulationsgrofRen kennzeichnender Arten belegt emer®ie Ergebnisse verdeutlichen
auch, dass die Intensitat der Veranderungen i'vdgetationszusammensetzung zwischen
den unterschiedlichen Boden variierte, wobei sand@tandorte weniger stark betroffen
waren. Des Weiteren hat sich der mittlere Deckuragsder Segetalarten drastisch auf ein
Zehntel des friheren Wertes reduziert, wohingegarDéckungsgrad der Kulturpflanzen
anstieg und die Kulturpflanzenvielfalt abnahm. Atcphyten, Neophyten und die meisten
Grasartigen zeigten zum Teil starke Frequenzverlésinlich denen von einheimischen
krautigen Pflanzen, aber nur geringe Veranderungenihrem Anteil an der
Gesamtdeckung der Segetalarten. Der beobachtetgedrder ,Ellenberg-Zeigerwerte”
fur Stickstoff und Bodenreaktion deutet darauf hilass die hdhere Dingergaben in
Kombination mit der heute Ublichen Anwendung vonrbigden und den sehr dicht
stehenden Kulturpflanzenbestdnden als Hauptursadiien Veranderungen in der
Segetalvegetation angesehen werden koénnen. Der atig#ebe Trend einer
Vereinheitlichung der Gesellschaftstrukturen vorgedalarten, bei der Spezialisten und
diagnostisch wichtige Arten zuriickgehen und die gkhaind Abundanz der Generalisten
zunimmt, spiegelt die Vereinheitlichung von Anbatsynen und der Optimierung des
N&ahrstoffangebotes in den letzten Jahrzehnten wider

Der beobachtete Rickgang der PopulationsgroRegsosidere bei selten gewordenen
Arten mit geringer Populationsgrof¥%dpnis aestivalid.. undConsolida regalisSF Gray),
wirkten sich auf die genetische Vielfalt dieser Blagonen aus. Da die genetische Struktur
zwischen den Arten und Populationen variiert, istdiesem Zusammenhang auch die
Komplexitat der Landschaftsstruktur entscheidenadeks als erwartet war die genetische
Diversitat innerhalb einzelner Populationen in wgenistark strukturierten Landschaften
wesentlich hoher als innerhalb von Populationen strukturreichen Landschaften.
Populationen aus strukturreichen Landschaften sechexden sich genetisch zudem starker
voneinander als Populationen strukturéarmerer Laraften. Dartber hinaus wurde bei der
fremdbefruchtendenC. regalis eine hohere Diversitat innerhalb der Populationen
festgestellt, wahrend die selbstbefruchtenfle aestivalis eine geringere Diversitat
innerhalb der Populationen aufwies. Allerdings tgwedelA. aestivalisnochC. regalis

eine signifikante ,Isolation-by-Distance” unabh&ngon der Landschaftsstruktur.
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Zusammenfassend zeigt die vorliegende Arbeit, dassallen Hierarchiestufen von der
kontinentalen Ebene, Uber die Phytocoenosen biszhifPopulationen einzelner Arten
starke Verédnderungen in den Segetalgesellschattigefunden haben. Um das nationale
Ziel der Erhéhung der Populationsgréf3en der Melrdah Arten in landwirtschaftlich
genutzten Okosystemen bis 2015 zu erreichen, siuk,neffektive und innovative
MalRnahmen dringend erforderlich. Um den fortwédheendiodiversitatsverlust in der
Agrarlandschaft entgegenzuwirken ist vor allemeeamtsprechende Ausgestaltung der
Gemeinsamen Europaischen Agrarpolitik (GAP) fur Bi&derperiode 2014-2020 von

zentraler Bedeutung.
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Appendix - Supporting Information

Appendix Table S3.1 Percentage share of fields with different crgpety and crop classes in the
1950s/60s and 2009. Estimated cover values (%J)agfscare given as medians and interquartile
ranges (IQR). Abbreviations for cultivation periosl:— winter crops (=autumn-sown crops), s —

spring crops (=spring-sown crops), s/w — both gpand winter crops.

Appendix Table S4.1 Percentage share of different crop types and clagses in the historical
(1950s/60s) and recent (2009) surveys. Abbreviati@n cultivation period: w — autumn sown

crops, S — spring sown crops, s/w — both wintersprthg sown crops.

Appendix Table S4.2 Changes in frequency over time, given for thelgdalata, and separately
for the three substrate types. Species with siganifi changes according to Indicator Species
Analysis (ISA, considering abundance and frequenayw given first; these are further
differentiated according to their habitat prefees¢ISA on historical data alone). Grey shadings
indicate frequency increases from 1950s/60s to 2609 consistency in status all data follow
JANSEN & DENGLER (2008). Abbreviations indicate species status he tegion: ‘A’ =
archaeophytes; ‘A/l' = unclear whether archaeophgteneophytes; ‘I' = indigenous; ‘K’ = crops;

‘N’ = neophytes; ‘NA’ = no data available; ‘U/N’ enstable neophytes.

Species are marked as threatened (x) if listederred lists of Germany (IDWIG & SCHNITTLER
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Brandenburg (BTOW et al 2006) and Thuringia (B(RSCH& WESTHUS2011).
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Appendix Figure S5.1 Neighbor joining phenogram & aestivalisindividuals from the original
dataset using Nei-Li (=Dice) distances from 5 ragion Central Germany (D=Drei Gleichen,
H=Hainleite, K=Kyffhauser, Q=Querfurter Platte, $hEhoner Hange).

Appendix Figure S5.2 Neighbor joining phenogram &f. aestivalisndividuals from the repeated

dataset using Nei-Li distances from 2 regions int@¢ Germany (H=Hainleite, K=Kyffhauser).

Appendix Figure S5.3 Neighbor joining phenogram df. regalis individuals using Nei-Li
distances from 6 regions in Central Germany (D=DB&éichen, H=Hainleite, K=Kyffhauser,
Q=Querfurter Platte, S=Schmoner Hange, W=Witterda).

Appendix Figure S7.1 Photo documentation.
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Appendix Table S3.1. Percentage changes in frequency and median cover over time. Data are given for the different periods (1950s/60s and 2009), and the sample localities
of 2009 (interior and margin). Diagnostic species of the respective syntaxa are given first; other species are listed alphabetically.

Field interior 1950s/60s Field interior 2009 Field margin 2009
Species name Frequency (%) Median Cover (%) Frequency (%) Median Cover (%) Frequency (%) Median Cover (%)
Teesdalio-Arnoseridetum minimae
Anthoxanthum puelii 2 0.69 1 0.01
Aphanes australis 4 0.37 1 0.20
Arnoseris minima 16 2.01
Galeopsis segetum 2 0.10 0 0.01 1 0.01
Hypochaeris glabra 7 0.42 0 0.00
Teesdalia nudicaulis 1 0.02
Papaveretum argemones
Draba verna 3 0.08 1 0.02 2 0.03
Myosotis stricta 3 0.02 0 0.01 1 0.01
Papaver argemone 6 0.04 2 0.04 6 0.07
Papaver dubium agg. 8 0.16 3 0.05 12 0.15
Veronica triphyllos 4 0.04 1 0.01
Vicia villosa 6 0.15 2 0.04 3 0.04
Aphano-Matricarietum
Aphanes arvensis 17 1.40 3 0.13 11 0.78
Matricaria chamomilla 19 2.42 9 141 16 1.93
Holco-Galeopsietum
Galeopsis tetrahit 19 0.78 1 0.02 6 0.07
Holcus mollis 4 0.06 2 0.76
Lapsana communis 14 0.81 4 0.07 16 0.78
Stellaria graminea 0 0.00 1 0.01
Viola tricolor agg. 29 0.43
Aperion spica-venti
Apera spica-venti 33 6.58 22 8.31 35 10.20
Centaurea cyanus 35 2.54 10 212 20 4.10
Veronica hederifolia agg. 22 2.13 2 0.11 8 0.09
Vicia angustifolia 26 0.38 9 0.16 20 0.24
Vicia hirsuta 19 131 11 0.62 21 0.72
Vicia sativa 7 0.55 1 0.01
Vicia tetrasperma agg. 5 0.14 2 0.05 6 0.09
Setario-Galinsogetum parviflorae
Galinsoga parviflora 8 0.97 6 0.73 8 1.04
Digitarion ischaemi
Digitaria ischaemum 8 1.39 1 0.08 1 0.40
Spergulo-Echinochloetum cruris-galli
Echinochloa crus-galli 6 1.05 12 0.45 9 0.94
Setario-Stachyetum arvensis
Stachys arvensis 1 0.03
Spergulo-Chrysanthemetum segetum
Glebionis segetum 3 0.14
Lycopsietum arvensis
Anchusa arvensis 10 0.24 3 0.05 9 0.10
Digitarion-Setarion
Digitaria sanguinalis 0 0.00
Erodium cicutarium 17 0.54 7 0.52 17 0.71
Galinsoga quadriradiata 1 0.10 1 0.03 2 0.23
Setaria pumila 3 1.23 0 0.01 1 0.21
Setaria viridis 17 1.36 4 0.38 5 0.65
Galeopsietum speciosae
Galeopsis speciosa 2 0.01
Chenopodio-Oxalidetum fontanae
Cerastium glomeratum 1 0.00 0 0.00
Chenopodium polyspermum 1 0.03 1 0.01
Erysimum cheiranthoides 6 0.10 2 0.03 2 0.03
Oxalis fontana 5 0.25 1 0.01
Rorippa sylvestris 4 0.57
Sperguletalia arvensis
Anthemis arvensis 5 0.46 1 0.02 1 0.01
Arabidopsis thaliana 10 0.41 4 0.53 6 0.13
Raphanus raphanistrum 15 0.60 1 0.02 1 0.01
Rumex acetosella 21 1.10 3 0.67 9 0.56
Scleranthus annuus agg. 33 3.68 2 0.03 4 0.49
Spergula arvensis 30 3.94 4 2.18 9 1.69
Papaveri-Melandrietum noctiflorae
Euphorbia exigua 33 1.11 2 0.19 8 0.82
Silene noctiflora 21 0.67 1 0.02 1 0.01
Kickxietum spuriae
Kickxia elatine 1 0.00
Kickxia spuria 0 0.00
Caucalido-Adonidetum flammeae
Adonis aestivalis 16 1.43 1 0.02 5 0.06

Caucalis platycarpos 5 0.22 0.00 1 0.01
Scandix pecten-veneris 3 0.04 0 0.01

Turgenia latifolia 0 0.00

Caucalidion platycarpae

o

Anagallis foemina 5 0.18 1 0.06
Buglossiodes arvensis 13 0.12 0 0.01 3 0.03
Campanula rapunculoides 15 1.18 1 0.02
Chaenorhinum minus 3 0.03 2 0.02
Consolida regalis 22 1.94 3 0.06 9 0.32
Falcaria vulgaris 11 0.73 2 0.03 8 0.31
Galeopsis angustifolia 4 0.31 0 0.00



Galeopsis ladanum
Galium tricornutum
Knautia arvensis
Lathyrus tuberosus
Melampyrum arvense
Neslia paniculata
Ranunculus arvensis
Sherardia arvensis
Valerianella dentata

Soncho-Veronicetum agrestis

Veronica agrestis
Thlaspio-Fumarietum
Fumaria officinalis

Thlaspio-Veronicetum politae

Fumaria vaillantii
Veronica polita
Mercurialietum annuae
Mercurialis annua
Geranio-Allietum vinealis
Allium oleraceum

Allium vineale

Torilis arvensis
Valerianella carinata
Fumario-Euphorbion
Chenopodium hybridum
Euphorbia helioscopia
Euphorbia peplus
Senecio vulgaris
Solanum nigrum
Papaveretalia rhoeadis
Aethusa cynapium
Alopecurus myosuroides
Avena fatua

Geranium dissectum
Papaver rhoeas

Sinapis arvensis
Thlaspi arvense
Veronica persica
Stellarietea media
Anagallis arvensis
Fallopia convolvulus
Lamium amplexicaule
Lamium purpureum
Myosotis arvensis
Persicaria maculosa
Veronica arvensis

Viola arvensis agg.
Other

Acer campestre

Acer platanoides

Acer pseudoplatanus
Achillea millefolium agg.
Achillea ptarmica
Aegopodium podagraria
Agrimonia eupatoria
Agrostemma githago
Agrostis capillaris
Agrostis gigantea
Agrostis stolonifera
Agrostis tenuis

Ajuga chamaepitys
Alliaria petiolata

Allium rotundum

Alnus glutinosa
Alopecurus geniculatus
Alopecurus pratensis agg.
Amaranthus retroflexus
Anchusa officinalis
Anthemis cotula
Anthemis tinctoria
Anthriscus caucalis
Anthriscus sylvestris
Arctium lappa

Arctium minus

Arenaria serpyllifolia agg.
Arrhenatherum elatius
Artemisia campestris
Artemisia vulgaris
Atriplex calotheca
Atriplex patula

Atriplex sagittata
Ballota nigra

Barbarea stricta

Bellis perennis

Berteroa incana

Betula pendula

Bidens tripartita

Bifora radians

Brachypodium pinnatum agg.
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Bromus arvensis
Bromus commutatus agg.
Bromus erectus

Bromus hordeaceus agg.
Bromus inermis

Bromus japonicus
Bromus mollis

Bromus secalinus agg.
Bromus squarrosus
Bromus sterilis

Bromus tectorum
Bryonia alba

Bunias orientalis
Bupleurum falcatum
Bupleurum rotundifolium
Calamagrostis epigejos
Calystegia sepium
Camelina microcarpa
Camelina sativa agg.
Capsella bursa-pastoris
Cardaria draba

Carduus acanthoides
Carduus crispus

Carex acutiformis

Carex hirta

Carpinus betulus
Centaurea jacea
Centaurea scabiosa
Centaurea stoebe
Cerastium arvense
Cerastium holosteoides
Cerastium semidecandrum
Ceratocapnos claviculata
Chaerophyllum bulbosum
Chaerophyllum temulum
Chelidonium majus
Chenopodium album
Chenopodium glaucum
Chenopodium rubrum
Chondrilla juncea
Cichorium intybus
Cirsium arvense
Cirsium eriophorum
Cirsium vulgare

Conium maculatum
Conringia orientalis
Convolvulus arvensis
Conyza canadensis
Cornus sanguinea
Coronilla varia
Coronopus squamatus
Corylus avellana
Corynephorus canescens
Crataegus monogyna
Crepis biennis

Crepis capillaris

Crepis tectorum
Cuscuta campestris
Cynoglossum officinale
Dactylis glomerata
Daucus carota
Deschampsia flexuosa
Descurainia sophia
Dipsacus fullonum
Echinops sphaerocephalus
Echium vulgare

Elymus repens
Epilobium lamyi
Epilobium tetragonum
Equisetum arvense
Equisetum fluviatile
Equisetum palustre
Equisetum sylvaticum
Eryngium campestre
Euphorbia cyparissias
Euphorbia esula
Euphorbia platyphyllos
Fagus sylvatica
Festuca arundinacea
Festuca brevipila
Festuca ovina agg.
Festuca pratensis
Festuca rubra

Festuca rupicola

Filago arvensis

Filago minima
Filipendula ulmaria
Fraxinus excelsior
Galeopsis bifida
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Galium album

Galium aparine

Galium mollugo agg.
Galium spurium agg.
Galium verrucosum
Galium verum agg.
Geranium columbinum
Geranium molle
Geranium palustre
Geranium pratense
Geranium pusillum
Geranium pyrenaicum
Geranium robertianum
Geum urbanum
Glechoma hederacea
Gnaphalium sylvaticum
Gnaphalium uliginosum
Gypsophila muralis
Helichrysum arenarium
Heracleum mantegazzianum
Heracleum sphondylium
Herniaria glabra
Hieracium laevigatum
Hieracium pilosella
Holosteum umbellatum
Hordelymus europaeus
Hordeum secalinum
Hylotelephium maximum
Hylotelephium telephium
Hypericum humifusum
Hypericum perforatum
Hypochaeris radicata
lllecebrum verticillatum
Impatiens glandulifera
Impatiens noli-tangere
Impatiens parviflora
Jasione montana
Juncus bufonius
Juncus effusus
Lactuca serriola
Lamium album

Lamium maculatum
Laphangium luteoalbum
Lathyrus pratensis
Leontodon autumnalis
Leontodon hispidus
Lepidium campestre
Lepidium ruderale
Leucanthemum ircutianum
Leucanthemum vulgare
Linaria arvensis

Linaria vulgaris

Lolium multiflorum
Lolium perenne

Lotus corniculatus
Lotus uliginosus

Luzula multiflora
Lysimachia nummularia
Lysimachia vulgaris
Malus sylvestris

Malva neglecta

Malva sylvestris

Malva verticillata
Matricaria discoidea
Medicago lupulina
Melilotus albus
Melilotus officinalis
Mentha aquatica
Mentha arvensis
Misopates orontium
Moehringia trinervia
Myosotis ramosissima
Myosoton aquaticum
Myosurus minimus
Nigella arvensis

Nonea pulla

Odontites vernus
Odontites vulgaris
Ononis repens
Onopordum acanthium
Origanum vulgare agg.
Ornithopus perpusillus
Panicum capillare
Pastinaca sativa

Peplis portula
Persicaria amphibia
Persicaria hydropiper
Persicaria lapathifolia agg.
Phalaris arundinacea
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Phleum pratense agg.
Phragmites australis
Picris hieracioides
Pinus sylvestris
Plantago lanceolata
Plantago major agg.
Plantago uliginosa
Poa angustifolia

Poa annua agg.

Poa compressa

Poa pratensis

Poa trivialis
Polycnemum arvense
Polygonum amphibium
Polygonum aviculare agg.
Polygonum hydropiper
Polygonum lapathifolium
Populus hybrida
Potentilla anserina
Potentilla argentea
Potentilla reptans
Prunus avium

Prunus domestica
Prunus mahaleb
Prunus serotina
Prunus spinosa
Pteridium aquilinum
Puccinellia distans
Quercus petraea
Quercus robur
Ranunculus acris agg.

Ranunculus auricomus agg.

Ranunculus bulbosus
Ranunculus rectus
Ranunculus repens
Ranunculus sardous
Rapistrum perenne
Reseda lutea

Reseda luteola
Rhinanthus alectorolophus
Rhinanthus minor
Robinia pseudoacacia
Rorippa palustris
Rubus caesius

Rubus fruticosus agg.
Rubus idaeus

Rumex acetosa
Rumex conglomeratus
Rumex crispus

Rumex obtusifolius
Sagina procumbens
Salix viminalis

Salvia pratensis
Sambucus nigra
Sanguisorba minor
Scutellaria galericulata
Sedum acre

Sedum album

Senecio erucifolius
Senecio jacobaea
Senecio sylvaticus
Senecio vernalis
Serratula tinctoria
Setaria verticillata
Silene dichotoma
Silene dioica

Silene latifolia

Silene vulgaris

Sinapis alba
Sisymbrium altissimum
Sisymbrium loeselii
Sisymbrium officinale
Sisymbrium officinale
Solidago canadensis
Sonchus arvensis agg.
Sonchus asper
Sonchus oleraceus
Sorbus aucuparia
Spergula morisonii
Spergularia rubra x salina
Spergularia rubra
Stachys palustris
Stachys recta

Stachys sylvatica
Stachys x ambigua
Stellaria media
Symphytum officinale
Tanacetum vulgare
Taraxacum officinale agg.
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Thlaspi montanum
Thlaspi perfoliatum
Torilis japonica
Tragopogon orientalis
Trifolium arvense
Trifolium campestre
Trifolium dubium
Trifolium hybridum
Trifolium montanum
Trifolium pratense
Trifolium repens
Tripleurospermum inodorum
Trisetum flavescens
Tussilago farfara
Urtica dioica

Urtica urens
Valeriana officinalis
Valerianella locusta
Verbena officinalis
Veronica chamaedrys
Veronica dillenii
Veronica peregrina
Veronica praecox
Veronica serpyllifolia
Vicia cracca

Vicia dumetorum
Vicia pannonica
Vicia sepium

Vicia tenuifolia

Viola hirta

Viola odorata

Viola rupestris
Vulpia myuros

Crop volunteers
Allium cepa

Avena sativa

Beta vulgaris
Brassica napus
Brassica oleracea
Coriandrum sativum
Helianthus annuus
Hordeum vulgare
Humulus lupulus
Linum usitatissimum
Lupinus luteus
Medicago sativa
Medicago x varia
Ornithopus sativus
Papaver somniferum
Pisum sativum
Secale cereale
Secale cereale x Triticum aestivum
Solanum tuberosum
Trifolium incarnatum
Triticum aestivum
Vicia faba
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Appendix Table $4.1 Percentage share of fields with different crop $yp@d crop classes in the
1950s/60s and 2009. Estimated cover values (%)ragfscare given as medians and interquartile
ranges (IQR). Abbreviations for cultivation periad=— winter crops (=autumn-sown crops), s — spring

crops (=spring-sown crops), s/w — both spring aidew crops.

Typel/classes of crops Cultivation  Frequency [%] 1950s/60s 2009

period 1950s/60s 2009 median IQR median IQR
Cereals — winter crops w 41.3 60.5
Triticale w - 1.3 - - 80 80-80
Winter barley w 3.3 8.4 70 70-90 94 94-97.75
Winter rye w 24.5 20.2 90 90-90 85 85-90
Winter wheat w 135 30.6 60 60-80 85 85-95
Cereals — spring crops s 26.0 16.6
Cereal mixtures s 4.8 0.3 60 60-70 85 85-85
Maize S 0.8 8.9 70 70-70 95 95-95
Spring barley s 4.8 3.6 60 60-70 83 82.5-90
Spring rye S 1.3 - 90 90-95 - -
Spring wheat S 6.1 1.8 70 70-80 92 92-95
Oat S 8.2 2.0 50 50-70 90 90-95
Legumes S 2.0 -
Beans S 0.5 - - - - -
Peas S 15 - 45 45-47.5 - -
Forage crops siw 1.0 0.3
Clover-grass s/w - 0.3 - - 50 50-50
Lucerne s/w 0.5 - 75 75-75 - -
Millet S 0.5 - 65 65-67.5 - -
Root/cabbage crops S 22.3 3.9
Beetroots S 5.4 2.6 40 40-60 97 97-98.75
Carrots S - 0.5 - - 25 25-32.5
Potatoes S 151 0.8 40 40-85 75 75-85.5
Other vegetables S 1.8 - - - - -
Oleaginous fruits siw 0.6 17.1
Mustard S 0.3 - 30 30-30 - -
Sunflower s 0.3 0.3 20 20-20 95 95-95
Winter rape w - 16.8 - - 90 90-97.5
Other crops 7.0 1.9
Buckwheat S 0.3 - 90 90-90 - -
Flax s 0.5 0.3 60 60-60 45 45-45
Grass leys - 0.3 - 50 50-50 - -
Initial fallow land - 15 0.8 93 92.5-95.75 63 686.25
Unidentified
Stubble - 3.6 0.8 90 90-95 80 80-85

No data - 0.8 - - - - -




Appendix Table S4.2. Changes in frequency over time, given for the pooled data, and separately for the three substrate types. Species with significant changes according to Indicator Species Analysis (ISA, considering abundance and frequency) are given first; these are further differentiated according to
their habitat preferences (ISA on historical data alone). Grey shadings indicate frequency increases from 1950s/60s to 2009. For consistency in status all data follow JANSEN & DENGLER (2008). Abbreviations indicate species status in the region: ‘A’ = archaeophytes; ‘A/lI’ = unclear whether archaeophytes
or neophytes; ‘I’ = indigenous; ‘K’ = crops; ‘N’ = neophytes; ‘NA’ = no data available; ‘U/N’ = unstable neophytes

Species Trend Status Threat Status complete dataset (n=392) sand as blocking variable (n=154) loam as blocking variable (n=122) lime as blocking variable (n=116)
Frequency of occurence (%) Frequency of occurence (%) Frequency of occurence (%) Frequency of occurence (%)
2009 1950s/60s P-value 2009 1950s/60s P-value 2009 1950s/60s P-value 2009 1950s/60s P-value

indicator species for sandy substrates

Scleranthus annuus 1 - 1 2 33 0.0001 4 69 0.0001 0 13 0.0001 0 7 0.0073
Arnoseris minima 1 - | X 0 16 0.0001 0 38 0.0001 0 3 0.119
Gnaphalium uliginosum 1 - 1 1 14 0.0001 3 25 0.0001 1 6 0.0144 0 6 0.0097
Juncus bufonius 1 - 1 1 11 0.0001 1 23 0.0001 0 5 0.0307 0 2 0.4965
Viola tricolor 1 - NA 0 8 0.0001 0 14 0.0001 0 6 0.0122 0 3 0.1246
Digitaria ischaemum 1 - A 1 0.0001 1 21 0.0001

Hypochaeris glabra 1 - 1 X 0 7 0.0001 1 18 0.0001 0 1 1
Rumex acetosella 1 - 1 3 21 0.0001 7 45 0.0001 1 3 0.1162 0 6 0.0119
Spergula arvensis 1 - A 4 30 0.0001 10 69 0.0001 0 2 0.4908 2 8 0.0075
Achillea millefolium 1 - 1 2 12 0.0001 5 22 0.0001 1 2 0.2465 0 9 0.0013
Spergularia rubra 1 - A/l 1 6 0.0001 1 14 0.0001 0 3 0.2513
Setaria viridis 1 - A 4 17 0.0001 9 38 0.0001 0 6 0.0122

Aphanes inexspectata 1 - A X 0 4 0.0002 0 9 0.0001 0 1 1
Vicia sativa 1 - 1 9 33 0.0001 19 58 0.0001 2 11 0.0018 1 23 0.0001
Centaurea cyanus 1 - A 10 35 0.0001 21 55 0.0001 2 16 0.0001 5 29 0.0001
Anchusa arvensis 1 - A 3 10 0.0001 8 21 0.0003 0 2 0.4932 0 3 0.2426
Veronica arvensis 1 - A 9 27 0.0001 15 51 0.0001 3 20 0.0001 7 3 0.1623
Papaver dubium 1 - A 3 8 0.0009 8 14 0.0367 0 6 0.0148 0 1 1
Arabidopsis thaliana 1 - A 4 10 0.0001 9 20 0.0016 2 7 0.0362

Erodium cicutarium 1 - 1 7 17 0.0001 18 39 0.0001 0 2 0.2413 0 4 0.058
Vicia hirsuta 1 - 1 11 19 0.002 28 40 0.0089 2 6 0.253 0 6 0.0112
Apera spica-venti 1 - 1 22 33 0.0018 36 58 0.0001 17 25 0.075 9 9 0.6429
Galinsoga parviflora 1 - N 6 8 0.0198 14 15 0.1217 1 7 0.0239

indicator species for loamy substrates

Atriplex patula 2 - A/l 0 22 0.0001 0 1 0.4996 0 39 0.0001 0 32 0.0001
Stachys palustris 2 - 1 0 17 0.0001 0 2 0.2581 0 36 0.0001 1 18 0.0001
Sonchus asper 2 - NA 2 22 0.0001 3 12 0.0044 2 42 0.0001 3 16 0.0005
Lamium amplexicaule 2 - A 3 28 0.0001 6 19 0.0001 0 38 0.0001 1 31 0.0001
Equisetum arvense 2 - 1 3 26 0.0001 3 13 0.0002 5 48 0.0001 2 19 0.0001
Veronica polita 2 - A X 2 15 0.0001 2 30 0.0001 3 20 0.0006
Fumaria officinalis 2 - A 3 21 0.0001 3 4 0.6671 3 42 0.0001 1 22 0.0001
Plantago major 2 - 1 4 25 0.0001 5 19 0.0001 5 34 0.0001 3 24 0.0001
Aphanes arvensis 2 - A 3 17 0.0001 5 14 0.0066 2 33 0.0001 1 3 0.315
Arenaria serpyllifolia 2 - 1 3 17 0.0001 6 12 0.0818 2 28 0.0001 1 14 0.0008
Persicaria lapathifolia 2 - 1 7 30 0.0001 8 32 0.0001 7 42 0.0001 4 13 0.0818
Euphorbia helioscopia 2 - A 9 34 0.0001 4 8 0.0348 8 52 0.0001 16 51 0.0001
Taraxacum officinale 2 - NA 11 34 0.0001 12 14 0.3803 8 40 0.0001 11 56 0.0001
Lamium purpureum 2 - A 8 19 0.0002 8 10 0.1381 9 43 0.0022 7 7 0.5555
Poa annua 2 - 1 10 19 0.0003 9 16 0.0459 8 34 0.0001 13 8 0.7345
indicator species for calcareous substrates

Silene noctiflora 3 - A X 1 21 0.0001 0 1 0.4878 0 19 0.0001 3 51 0.0001
Galeopsis tetrahit 3 - NA 1 20 0.0001 2 12 0.0005 1 14 0.0002 0 37 0.0001
Lathyrus tuberosus 3 - | 0 17 0.0001 0 1 1 0 11 0.0001 0 46 0.0001
Adonis aestivalis 3 - A X 1 16 0.0001 3 55 0.0001
Medicago lupulina 3 - 1 1 16 0.0001 0 5 0.0066 1 17 0.0001 1 28 0.0001
Campanula rapunculoides 3 - | 0 15 0.0001 0 7 0.0021 0 43 0.0001
Lithospermum arvense 3 - A 0 13 0.0001 0 1 1 1 0.0055 0 33 0.0001
Galium tricornutum 3 - A X 0 11 0.0001 0 1 1 0 36 0.0001
Rumex crispus 3 - | 2 18 0.0001 1 6 0.001 2 11 0.0011 3 41 0.0001
Sherardia arvensis 3 - A X 1 9 0.0001 0 7 0.0036 4 24 0.0016
Neslia paniculata 3 - A X 0 8 0.0001 0 3 0.0566 0 3 0.1202 0 21 0.0001
Consolida regalis 3 - A X 3 22 0.0001 0 2 0.2378 6 20 0.0001 4 51 0.0001
Sedum telephium 3 - | X 0 7 0.0001 0 6 0.0105 0 19 0.0001
Knautia arvensis 3 - | 0 6 0.0001 0 21 0.0001
Falcaria vulgaris 3 - | 2 11 0.0001 4 5 0.2978 1 33 0.0001
Anagallis foemina 3 - | X 0 5 0.0001 0 5 0.024 0 12 0.0002
Caucalis platycarpos 3 - A X 0 5 0.0001 1 1 1 0 15 0.0001
Conringia orientalis 3 - A X 0 5 0.0001 0 16 0.0001
Fumaria vaillantii 3 - A X 1 5 0.0005 0 1 1 3 16 0.0008
Rubus caesius 3 - | 1 5 0.0001 2 3 0.2603 0 12 0.0002



Ranunculus arvensis
Lapsana communis
Centaurea scabiosa
Potentilla reptans
Valerianella locusta
Avena fatua

Tripleurospermum inodorum

Geranium pusillum

species with no specific habitat requirements

Sonchus arvensis
Ranunculus repens
Mentha arvense
Senecio vulgaris
Euphorbia exigua
Raphanus raphanistrum
Tussilago farfara
Bromus sterilis

Sinapis arvensis
Agrostis stolonifera
Potentilla anserina
Veronica hederifolia
Brassica napus
Sonchus oleraceus
Persicaria maculosa
Agrostis gigantea
Veronica agrestis
Triticum aestivum
Anagallis arvensis
Thlaspi arvense
Odontites vulgaris
Oxalis fontana
Anthemis arvensis
Hordeum vulgare
Cirsium arvense
Convolvulus arvensis
Rorippa sylvestris
Euphorbia peplus
Galeopsis angustifolia
Holcus mollis
Persicaria hydropiper
Sagina procumbens
Cerastium holosteoides
Linaria vulgaris
Veronica triphyllos
Sisymbrium officinale
Alopecurus myosuroides
Dactylis glomerata
Matricaria discoidea
Stellaria media
Plantago lanceolata
Myosotis stricta
Scandix pecten-veneris
Ornithopus sativus
Chrysanthemum segetum
Setaria pumila
Galeopsis ladanum
Camelina sativa
Chaenorrhinum minus
Agrostis capillaris
Erophila verna
Persicaria amphibia
Vicia villosa

Erysimum cheiranthoides
Papaver argemone
Lolium multiflorum
Cirsium vulgare
Myosotis arvensis
Vicia tetrasperma
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Papaver rhoeas

Capsella bursa-pastoris

Elymus repens
Matricaria recutita
Reseda lutea
Euphorbia esula
Cerastium arvense
Anthemis cotula
Veronica dillenii
Agrostemma githago
Lupinus luteus
Bidens tripartita
Vicia tenuifolia
Securigera varia
Epilobium tetragonum
Conium maculatum
Veronica peregrina
Urtica dioica

Lactuca serriola
Anthriscus caucalis
Polygonum aviculare
Fallopia convolvulus
Chenopodium album
Viola arvensis

species with no significant frequency shifts

Acer campestre
Achillea ptarmica
Aethusa cynapium
Agrimonia eupatora
Ajuga chamaepitys
Alliaria petiolata
Allium cepa

Allium oleraceum
Alnus glutinosa

Alopecurus geniculatus

Alopecurus pratensis

Amaranthus retroflexus

Anchusa officinalis
Anthemis tinctoria

Anthoxanthum aristatum

Anthriscus sylvestris
Arctium lappa
Arctium minus

Arrhenatherium elatior

Artemisia campestris
Artemisia vulgaris
Atriplex calotheca
Atriplex sagittata
Avena sativa

Ballota nigra

Bellis perennis
Berteroa incana
Betula pendula
Biforia radians
Brassica oleraceum
Bromus arvensis
Bromus commutatus
Bromus erectus
Bromus horderaceus
Bromus japonicus
Bromus secalinus
Bromus squarrosus
Bunias orientalis
Calystegia sepium
Cardaria draba
Carduus acanthoides
Carduus crispus
Centaurea stoebe
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Cerastium glomeratum

Cerastium semidecandrum

Chaerophyllum bulbosum
Chaerophyllum temulum
Chenopodium glaucum
Chenopodium hybridum

Chenopodium polyspermum

Chenopodium rubrum
Chondrilla juncea
Cichorium intybus
Cirsium eriophorum
Conyza canadensis
Coriandrum sativum
Coronopus squamatus
Corylus avellana
Corynephorus canescens
Crataegus monogyna
Crepis biennis

Crepis capillaris

Crepis tectorum
Cuscuta campestris
Cynoglossum officinale
Daucus carota
Descurainia sophia
Echinochloa crus-galli
Echium vulgare
Elymus arenarius
Equisetum palustre
Equisetum sylvaticum
Euphorbia cyparissias
Euphorbia platyphyllos
Fagus sylvatica
Festuca arundinacea
Festuca pratensis
Festuca rubra

Filago arvensis

Filago minima
Fraxinus excelsior
Galeopsis segetum
Galinsoga ciliata
Galium aparine
Geranium columbinum
Geranium dissectum
Geranium molle
Geranium pyrenaicum
Glechoma hederacea
Gnaphalium sylvaticum
Gypsophila muralis
Helianthus annuus
Helichrysum arenarium
Heracleum sphondylium
Herniaria glabra
Hieracium pilosella
Holcus lanatus
Holosteum umbellatum
Hordelymus europaeus
Hordeum secalinum
Hypericum humifusum
Hypericum perforatum
Hypochaeris radicata
lllecebrum verticillatum
Impatiens glandulifera
Juncus effusus

Kickxia elatina

Kickxia spuria

Lathyrus pratensis
Leontodon autumnalis
Lepidium campestre
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Leucanthemum ircutianum
Leucanthemum vulgare
Linaria arvensis

Linum usitatissimum
Lolium perenne

Lotus pedunculatus
Luzula multiflora
Lysimachia vulgaris
Malus sylvestris
Malva neglecta
Malva sylvestris
Malva verticillata
Medicago x varia
Melampyrum arvense
Melilotus alba
Melilotus officinalis
Mentha aquatica
Mercurialis annua
Misopates orontium
Moebhringia trinervia
Myosotis ramosissima
Myosurus minimus
Nigella arvensis
Nonea pulla
Odontites vernus
Ononis repens
Ornithopus perpusillus
Panicum capillare
Papaver somniferum
Pastinaca sativa
Peplis portula
Phalaris arundinacea
Phleum pratense
Phragmites australis
Picris hieracioides
Pinus sylvestris

Pisum sativum

Poa pratensis

Poa trivialis
Polycnemum arvense
Potentilla argentea
Prunus avium

Prunus mahaleb
Prunus serotina
Pseudognaphalium luteoalbum
Puccinellia distans
Quercus petraea
Quercus robur
Ranunculus acris
Ranunculus creticus
Ranunculus sardous
Rapistrum perenne
Rhinanthus alectorolophus
Robinia pseudoacacia
Rorippa palustris
Rumex acetosa
Rumex obtusifolius
Salix viminalis
Sambucus nigra
Scutellaria galericulata
Secale cereale

Sedum acre

Sedum album

Senecio jacobea
Senecio sylvaticus
Senecio vernalis
Setaria verticillata
Silene latifolia
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Appendix Figure S5.1. Neighbor joining phenogram &. aestivalis individuals from the original
dataset using Nei-Li (=Dice) distances from fivgioms in Central Germany (D=Drei Gleichen,
H=Hainleite, K=Kyffhauser, Q=Querfurter Platte, $honer Hange).
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Appendix Figure S5.2. Neighbor joining phenogram &. aegtivalis individuals from the repeated

dataset using Nei-Li distances from two region€&mtral Germany (H=Hainleite, K=Kyffh&user).
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Appendix Figure S5.3. Neighbor joining phenogram @. regalis individuals using Nei-Li distances

from six regions in Central Germany (D=Drei Gleiché&l=Hainleite, K=Kyffhauser, Q=Querfurter
Platte, S=Schmoner Hange, W=Witterda).
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Appendix Figure S7.1. Photo documentation.

(2) Thorow Wax -Bupleurum rotundifolium L.



(3) Forking larkspur -€onsolida regalis S.F.GRAY

(4) Blue Pimpernel -Anagallis foemina MiLL. (Photo by Armin Jagel)



(5) Barren brome-Bromus sterilis (L.) NEvski (Photo by Dietrich Hertel)

(6) Black grass -Alopecurus myosuroides HuDs. (Photo by Lena Ulber)



(7) Annual vernalgrass Anthoxanthum aristatum Boiss
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