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We studied changes in vascular plant species occurring in Central European (Germany, Czech Republic, Slovakia,
Switzerland, Liechtenstein, Austria, Hungary, Northern Italy, Slovenia and Croatia) arable fields and their edges
from 1930 to 2019. To correct for bias in the data, we used occupancy modeling to analyze changes in the
occupancy, i.e., distribution ranges sizes, of the 359 most common species in the AgriWeedClim database. We
used ecological indicator values, native versus alien (archaeophyte, neophyte) status, and species affinity to
arable habitats to assess changes in the occupancy of species with different environmental preferences and
biogeographic origins. We found only a small decline in overall species occupancy over time, with a median
occupancy change of —0.1 %, possibly due to the exclusion of rare species from modeling. Species turnover was

more pronounced, with 72 species decreasing to less than half of their initial occupancy and 77 species more than
doubling their initial occupancy. Species with environmental preferences for nutrient-rich sites with neutral pH
increased in occupancy whereas species typical for arable fields decreased. No response to climate change (i.e.,
increased occupancy of thermophilous or drought-tolerant species) was detected. Archaeophytes and native
species decreased whereas neophytes increased in occupancy. Taken together, results suggest that the biodi-
versity of arable fields is changing largely in response to anthropogenic habitat changes.

1. Introduction

Arable fields are among the most intensively managed and highly
modified anthropogenic habitats while also providing essential habitat
for many spontaneously occurring plant species (e.g., Storkey and Cus-
sans, 2007). Farming practices (e.g., plowing, fertilizing) aim to create
favorable conditions for crops to secure and maximize yields, but un-
intentionally create habitats for non-crop species. However, over the
past 100 years, the management of arable land has undergone drastic
changes caused by the advent of modern agricultural practices, at the
expense of plant and animal species associated with these habitats
(Poschlod, 2016). In most parts of Europe, the area used as arable land
declined by converting marginally profitable fields to other land-use
types such as settlements or forests (Fuchs et al., 2015; Goldewijk
et al., 2017). The use of the remaining arable land was intensified by an
increase in individual field size, increasing mechanization, and the
advent of synthetic fertilizers and pesticides. Small-scale farms were
replaced by larger agricultural operations focusing on few crop types
and further segregating animal husbandry from crop production. This
specialization led to a widespread homogenization of both agricultural
practices and landscapes across large areas (Poschlod, 2016). In recent
decades, climate change (e.g., rising temperatures) has additionally
influenced agriculture both directly, and indirectly, e.g., affecting the
germination of both crop and non-crop plants and causing shifts in
sowing times (Peters et al., 2014). As climate change will advance in the
coming decades its impacts on species of arable land will likely become
more pronounced (Olesen et al., 2011) even under best-case scenarios
(IPCC, 2022).

Changes in the management of arable fields have affected many as-
pects of biodiversity, including the distribution and abundance of
spontaneously occurring vascular plants (Richner et al., 2015; Storkey
et al., 2012). For instance, it has been shown that an increasing number
of formerly common arable weeds, i.e., species adapted to growing
within arable fields, have become threatened, with specialists showing
more pronounced population declines than generalists (Lososova and
Simonova, 2008; Meyer et al., 2015). Additionally, several studies have
demonstrated an increase in nutrient-demanding species as a result of
increased fertilizer application (Fanfarillo et al., 2019; Richner et al.,
2015). The decline of specialist species coupled with the increase of a
few ubiquitous generalists suggests ongoing biotic homogenization
(McKinney and Lockwood, 1999) across agricultural landscapes. In
addition, the high frequency and intensity of anthropogenic distur-
bances in arable fields create conditions favorable to invasion by alien
species (Lozon and Maclsaac, 1997). Alien species are often generalists
capable of dealing with a wide variety of environmental conditions
(Higgins and Richardson, 2014). Indeed, arable fields are known hot-
spots of plant invasions in Central Europe (Chytry et al., 2008). However
alien plants introduced before 1492 (= archaeophytes, Pysek et al.,

2004) may have different trajectories over time than those introduced
more recently (= neophytes) due to different habitat preferences be-
tween the two groups (Pysek et al., 2005). Distribution grid maps for
many species have been published by various floristic mapping projects
(e.g., Chytry et al., 2021), yet they cannot be applied to assessing
changes of species occurrences in arable habitats, as they only record
species presences in geographic locations (i.e., grid cells), not habitat
types. Large occurrence databases such as the Global Biodiversity In-
formation Facility (GBIF.org, 2020) come with similar drawbacks when
it comes to the lack of habitat context provided for their records. Only
vegetation plots, also called relevés, offer the required metadata to
analyze changes of species occurrences in a specific habitat type.

In recent years, large databases of vegetation plots(e.g., European
Vegetation Archive; (Chytry et al., 2016), have been compiled, offering
novel opportunities for analyzing changes in vegetation composition
and species richness. However, these data compiled in an
opportunity-oriented way are associated with substantial, yet difficult to
quantify, biases stemming from spatiotemporal heterogeneity in sam-
pling as well as differing scope between individual studies (Chiarucci,
2007; Chytry et al., 2014). Most methods developed to correct for
spatiotemporal biases involve stratified resampling and thus discarding
some of the data from analysis (Jandt et al., 2011). The latter type of
biases, i.e., a priori differences in study site selection, are more difficult
to address. However, with the accumulation of opportunistically
collected biodiversity data, methods for their robustly analysis have also
been developed. Dynamic occupancy models (Royle et al., 2010) are
particularly useful in this respect because they integrate observation
effort and detection rates into the analysis of occupancy patterns
(Mackenzie et al., 2003) by separating occurrence from detection in a
hierarchical model with two components, i.e., a state model and an
observation model, in a Bayesian framework (Kéry and Royle, 2021).
Consequently, it is possible to model observations correcting for
observer bias, given its main sources are known, and their influence, on
average, can be specified. The estimated quantity, species’ occupancy, is
defined as the mean probability of occurrence of a species over the entire
study area or, equivalently, the average number of sites occupied at a
given time.

Several studies (e.g., Meyer et al., 2015; Richner et al., 2017), usually
restricted to small spatial scales, have analyzed the changes of biodi-
versity in arable fields. Their geographic scope only allows limited
conclusions for conservation planning at national or supranational (i.e.,
EU) levels. Here, we apply occupancy modeling to a recently compiled
large database of 21,945 vegetation plots in order to detect changes in
vascular plant species’ occupancy in Central European arable fields over
the last 90 years (1930-2019). Specifically, we address the following
research questions: 1) How did overall species occupancy shift over
time? 2) How large is species turnover? 3) Do species with different
environmental preferences, biogeographic origin, and affinity to arable
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habitats differ in their patterns of occupancy change?
2. Material and methods

2.1. Study area

The area of around 900,000 km? covered by this study comprises
Central Europe — defined here as Germany, Czech Republic, Slovakia,
Switzerland, Liechtenstein, Austria, Hungary, Northern Italy (Valle
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d’Aosta, Piemonte, Lombardia, Trentino-Alto Adige, Veneto, Friuli-
Venezia Giulia, Liguria, Emilia-Romagna), Slovenia and Croatia. The
total human population size of the study area is approximately 165
million, with a mean population density of around 183 people/km?. The
climate is temperate with a gradient of more oceanic conditions in the
western parts of Germany to more continental conditions in the east and
submediterranean climates in the south. Mean annual temperatures in
the lowlands are around 7-10 °C, precipitation varies from below
450 mm in the most arid parts of northern Bohemia and central

vegetation plots
per 10 km x 10 km

10°E

15°E 20°E

Fig. 1. Density of vegetation plots (n = 21,945) in arable fields in the AgriWeedClim database on a 10 km x 10 km raster. Regions outside the study area are shown in
gray. Note that the plots were collected over 90 years and the temporal bias is shown in Figure A.1.
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Germany to over 1000 mm in the foreland of some mountain ranges
(Fick and Hijmans, 2017). Mountain ranges (European Alps, Western
Carpathians, Dinaric Mountains, Northern Apennines, Bohemian Massif
and German Mittelgebirge) cover a substantial part of the study region.
There, the occurrence of arable fields is largely restricted to valley
bottoms and mountain fringes. The extent of arable land in the study
area has declined from 244,000 km? (= 26.6 % of the total area) in 1930
to 182,000 km? (= 20 %) in 2010 (Hurtt et al., 2011) due to the aban-
donment of marginally profitable lands and conversion into other land
use types. Only a few regions (e.g., eastern Hungary, Czech Republic)
show moderate increases in the extent of arable land in recent decades
while other countries show large declines.

2.2. Data sources and compilation

We extracted species’ occurrence records from the AgriWeedClim
database (Glaser et al., 2022), a new database of vegetation plots in
arable habitats, which was filtered to contain only records from arable
fields (i.e., from the field interior and the field edge) in use at the time of
sampling irrespective of crop type. Orchards, vineyards and fallows
were excluded. The filtered dataset included 21,945 vegetation plots
containing 349,894 individual occurrence records of 361 species with at
least 50 records, which we used for modeling. The main bias in these
data is the strong spatiotemporal variation in sampling effort (see Fig. 1
for spatial variation and Figure A.1 for temporal variation). Additional
bias stems from the aims of individual studies, i.e., agronomic studies
more often sample the field center while biodiversity studies sample the
field edges that are richer in species (Biirger et al., 2022). Information on
whether the plot was recorded along the field edge or in the center was
available for less than 25 % (5212) of the plots, thus our analysis extends
to the edges of arable fields. Consequently, explicit information on the
location of the plot relative to the field edge could not be used in the
analysis.

To evaluate how occupancy of species with different environmental
preferences changed over time, we used Ecological Indicator Values
(E1Vs, Ellenberg, 1974) for nutrients (N), soil reaction (R), temperature
(T) and soil moisture (M). EIVs describe species preferences along
important environmental gradients on an ordinal scale based on expert
knowledge; species that do not show a clear preference for an individual
EIV are assessed as “indifferent” ("x" sensu Ellenberg, 1974). To increase
the amount of Ellenberg values, we combined lists from regions that
overlapped the study area (Czech Republic: Chytry et al., 2018;
Switzerland: Landolt et al., 2010; Austria: Karrer, 1992; Hungary:
Borhidi, 1995; Italy: Guarino and La Rosa, 2019; Germany and adjacent
areas: Ellenberg et al., 2001) and, following the procedure outlined in
Tichy et al. (2023), we aggregated the values to the species level using
the arithmetic mean. Subsequently, we defined indifferent species as
those for which more than half of the sources stated the species was
indifferent or where the standard deviation of the mean EIV was greater
than 1.5 (i.e., allowing for a maximum difference of one scale value
higher or lower between sources). Overall, missing values amounted to
less than 5% and were excluded from modeling (see Figure A.2 for an
overview of predictor completeness).

Further, we assigned the biogeographic status to each species in
categories according to the residence time, i.e., whether it was native,
archaeophyte or neophyte (sensu Pysek et al., 2004). We retrieved
native range data from the World Checklist of Selected Plant Families
(WCSP, http://apps.kew.org/wcsp/) and the Germplasm Resources In-
formation Network (GRIN), http://www.ars-grin.gov/cgi--
bin/npgs/html/index.pl). If the retrieved range overlapped with parts of
the study area, we labeled species as native. If not, we labeled it as alien.
To account for missing information and differentiate neophytes from
archaeophytes, we used regional species checklists (Germany: Bunde-
samt fiir Naturschutz, 2021; Czech Republic: Pysek et al., 2012;
Slovakia: Medvecka et al., 2012; Switzerland: Info Flora, 2022; Austria:
Gilli et al., 2019; Slovenia: Jogan et al., 2012; Croatia Nikoli¢, 2022) in
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the following way: A species labeled native for any part of the study area
was accepted as native. We checked the other species for being listed as
archaeophytes in any of these lists and if so, we accepted them as such,
and assigned the remaining species neophyte status. To identify species
affiliated with arable habitats, we used the classification of diagnostic
species for the phytosociological class Papaveretea rhoeadis as given in
the European synopsis of plant communities (Mucina et al., 2016)
combined with the diagnostic species for EUNIS habitats of arable fields
(Chytry et al., 2020). The concept of affiliation with arable habitats was
applied in a broad sense to include diagnostic species as well as common
dominants; they are referred to as species affiliated with arable habitats
herein. For an overview of all predictor variables and their complete-
ness, see Figure A.2.

2.3. Occupancy modeling

Mean species occupancy at a given time, i.e., the proportion of
occupied grid cells, was estimated using an occupancy model developed
by Outhwaite et al., (2018), which is an extension of a model developed
by Isaac et al., (2014). Its structure is based on sites i (i.e., 10 x10 km?
grid cells in Fig. 1) and visits v (i.e., vegetation plots) over time t (i.e.,
decades, to mitigate bias from single publications with large amounts of
data). The hierarchical model consists of (i) a state model, which models
the process of species’ occurrence and (ii) an observation model, which
models the process of observation and allows addressing biases in
sampling. The state model (Eq. 1) models the true but unknown site
occupancy gz; using the probability of occupancy y;,. Temporal and
spatial variation are treated as additive effects (i.e., assuming no inter-
action) and estimated using a random site effect u;, and a random time
effect b;.

The state model (Eq. 1).

2 ~ Bernoulli(y,,); logit(y,,) = u; + b, 1)

For b;, the random time effect on y,, we used the "random walk"
model variant (Outhwaite et al., 2018), which accounts for the depen-
dence of occurrences in a decade on the occurrences in the previous
decade and avoids extreme, unrealistic variations in occupancy.

The observation model (Eq. 2) models observed occupancy y;, that
the species occurs and thus z; = 1. Temporal and spatial variations in
the probability of occurrence p;, are estimated using a normal random
time effect on the observation a,, and a uniform random effect c,, which
is the effect strength of the log-transformed number of species per visit
L,.

The observation model (Eq. 2).

(Viw|zie) ~ Bernoulli  (zi * pin); logit(pi) = a, + ¢, * logL, 2)

In the original application, the number of species per visit (plot) is
used as a measure of the observation effort of citizen scientists. In our
case (records from the data source collected by experts), variations in
observer effort can be assumed to be small. However, the number of
species observed per plot gives insight into the position of the plot (i.e.,
inside the field or at its edge) and thus reflects the differences in a priori
site selection between studies. The model was analyzed in a Bayesian
framework, using vague priors (Hobbs and Hooten, 2015) for the
aforementioned effects and additional vague hyperpriors (e.g., for the
mean and standard deviation of the normal distributions) where
necessary; their full summary is given in Table A.1. We modeled all
species for the entire time period from 1930 to 2019 running two
Markov Chain Monte Carlo-chains per species and decade using the
R-statistic (maximum threshold of 1.1, Hobbs and Hooten, 2015) as
convergence measure and confirmed convergence by manually
inspecting traceplots. Of the 361 species analysed, convergence was not
reached in two (Avena sterilis, Eleocharis palustris), which we excluded
from further analysis. Results shown here were produced by calculating
the median of 1000 random samples from the posterior per species per
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decade. To ensure that we included only results based on species
occurrence data, we clipped results to the data (Outhwaite et al., 2018),
i.e., the first occurrence of a species in the data was also the first model
result (¢; in Eq. 1) used for further analysis.

2.4. Temporal trends in occupancy of different species groups

To understand how occupancy of species with different environ-
mental preferences (i.e., EIVs), biogeographic origin (i.e., native,
archaeophyte, neophyte) and affinity to arable habitats changed over
time, we used the log-transformed ratio of species’ occupancy between
the last t, and first t; decades in a linear model with species’ charac-
teristics as predictors x (Eq. 3). We treated EIVs as numeric predictors,
and excluded indifferent species with no indicator value from the
analysis, i.e., treated indifference as missing values. Biogeographic sta-
tus was used as a categorical predictor. Because there was no clear
reference group for comparison, we used sum contrasts (Schad et al.,
2020), and significance thus refers to a groups’ deviation from the grand
mean (i.e., the mean across all species) rather than from an arbitrarily
chosen reference group. Affinity to arable habitats was used as a binary
predictor. For each chosen predictor, we fitted a model using only that
predictor, called the "single-predictor model". We checked for a corre-
lation between predictors, as closely correlated variables may result in
unstable estimates. As none of our predictors were strongly correlated
(r > 0.7, Dormann et al., 2013, Table A.2), we included those that were
significant in the single-predictor models in the final model. We checked
residuals manually for normality. Since no significant interactions be-
tween predictors were found, we report the full model without
interactions.

The Structure of the linear model for the analysis of species group
occupancy trends.

log(tp/tl) ~ XXy Xy, 3)

We performed data extraction, modeling and the analysis of results
using Microsoft Access, JAGS (Plummer, 2015), R (R Core Team, 2021),
and the packages "ggmcmc" (Fernandez-i-Marin, 2021), "tidyverse"
(Wickham, 2021), "odbc" (Hester and Wickham, 2021), "raster" (Hij-
mans et al., 2021), "runjags" (Denwood and Plummer, 2021), "sf"
(Pebesma et al., 2019) and "sp" (Pebesma et al., 2021).

3. Results
3.1. Trends in species’ occupancy and species turnover

Of the 359 species for which occupancy models converged, 186 (52
%) decreased in occupancy from the 1930s to the 2010s (Fig. 2),
whereas the rest experienced moderate to strong increases. Decreases in
occupancy were not significantly different from increases (p > 0.05 in a
Mann-Whitney test, comparing absolute values; medians: —6 % versus
+8 % respectively). The median change in occupancy was a slight
decrease (—0.1 %), with largest decreases in Persicaria mitis (—60 %),
Agrostemma githago (—48 %) and Valerianella dentata (—47 %) and
largest increases in Geranium molle (+75 %), Lactuca serriola (466 %)
and Epilopium tetragonum (465 %) as well as several species showing
very little change (e.g., Arabidopsis thaliana, Cardamine hirsuta and Sis-
ymbrium orientale all below +0.01 % occupancy change). For all species’
results and traits presented in the following see Appendix B.

3.2. Occupancy changes in species with different environmental
preferences

Species with a preference for nutrient-poor conditions (i.e., the
lowest three classes of EIV N) mostly decreased in occupancy (e.g.,
Rumex acetosella, EIV N 1.82, —23 %); there were 34 decreasing versus
14 increasing species. Among species with a preference for nutrient-rich

Agriculture, Ecosystems and Environment 361 (2024) 108798

conditions (i.e., the highest three EIV N classes), the trend was opposite
(e.g., Cirsium vulgare, EIV N 8, +41 %): 45 species decreased while 62
increased (Fig. 3a). Consequently, EIV N was a significant positive
predictor of occupancy change in the single-predictor model (for a
model summary, see Figure A.4 and Table A.3).

The change in species’ occupancy also depended on the relationship
to soil reaction. Species with a preference for alkaline/calcareous soils
(the upper three classes of the EIV R, e.g., Centaurium pulchellum, EIV R
8.6, —19 %) showed more decreases (86) than increases (74), as did
species with a preference for acidic soils (five decreases and two in-
creases, e.g., Holcus mollis, EIV R 2.75, —16 %), although the small
sample size for the latter group makes it hard to generalize these find-
ings. Among species with preferences for close to neutral soil reaction (=
the three central EIV R classes), the decreases and increases were more
balanced, with 88 and 91 species, respectively. Since the results indi-
cated that species with extreme preferences in regards to soil pH (the
lowest one and highest three classes of EIV for soil reaction) decreased,
the EIV for soil pH was modeled as a first- and second-order polynomial,
and the latter was a significant negative predictor of occupancy change
in the single-predictor model (for a model summary, see Figure A.5 and
Table A.4).

Species with a preference for high temperatures (i.e., the two classes
with the highest EIV for temperature, Fig. 3c, e.g., Legousia speculum-
veneris, EIV T 7.25, —44 %) showed more decreases (56) than increases
(37) in occupancy, while species with a preference for intermediate
temperatures showed slightly more occupancy decreases (121) than
increases (118). Species’ temperature preference was not a significant
predictor of occupancy change in the single-predictor model (for the
model summary, see Figure A.6 and Table A.5).

For species with a preference for dry sites (i.e., the lowest two classes
of EIV M, Fig. 3d), more decreases than increases in occupancy (35
versus 15, respectively) were detected, while among species with a
preference for mesic sites, almost the same number decreased (127) and
increased (128); the same was true for species with a preference for
moist sites (i.e., EIV for moisture from seven to nine, 23 decreases versus
24 increases). The two species with EIV M above nine (Persicaria
amphibia and Phragmites australis) both increased in occupancy (+16 %
and +18 %, respectively) — the small sample size making it hard to
generalize these findings. Species’ soil moisture preference was a sig-
nificant positive predictor of occupancy change in the single-predictor
model (for a summary, see Figure A.7 and Table A.6).

3.3. Changes in species with different biogeographic status and habitat
affinity

Of the 359 species analyzed, 222 were native, 115 archaeophytes
and 22 neophytes. Species with different biogeographic status showed
very different occupancy trends over time. The majority of neophytes
increased in occupancy (five decreasing versus 17 increasing species),
with a median increase of 6.5 %. Conversely, both archaeophytes (61
decreasing versus 54 increasing species) and natives (120 decreasing
versus 102 increasing species) mostly decreased in occupancy. However,
these differences were not as pronounced compared to neophytes
(Fig. 2b) and the median changes were small, —0.5 % and —0.6 %,
respectively. All three groups showed significant (p < 0.05) deviations
from the grand mean in the single-predictor model using sum contrasts,
with neophyte status showing a strong positive effect on common spe-
cies occupancy change and native and archaeophyte status showing
weaker negative effects (for a model summary, see Figure A.8 and
Table A.7).

Finally, of the 115 species affiliated with arable habitats, 69
decreased in occupancy (e.g., Arenaria serpyllifolia —35 %, Fumaria
officinalis —32 %), while 46 increased (Fig. 2c). Species’ affinity to
arable habitats was a significant negative predictor in the single-
predictor model (for a summary, see Figure A.9 and Table A.8).

In the single-predictor models (see above), EIVs for nutrients, soil
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Fig. 2. (a) Occupancy change for all 359 species on (a) a continuous color scale and colored according to their (b) biogeographic status and (c) their affinity to arable
habitats (see 2.2 Data sources and Compilation). Inset plots show the total number of species decreasing/increasing per group.
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Fig. 3. Number of species decreasing and increasing in occupancy grouped by their environmental preferences regarding (a) nutrients (n=343), (b) soil reaction (pH)
(n=346), (c) temperature (n=343) and (d) soil moisture (n=354); the differences in sample size are due to missing values or indifferent species with no indicator
value. Note that the we rounded indicators for classification into groups and do not cover the entire scale of every respective indicator. For the absolute occupancy
change per species, comparable to Fig. 2, See Figure A.2.

reaction and soil moisture, as well as biogeographic status and the af-
finity to arable habitats were significant predictors and were therefore
used in the full model, in which the EIVs for nutrients, biogeographic
status and affinity to arable habitats remained significant predictors

(Table 1).

4. Discussion

4.1. Overall trends in species occupancy and turnover

Our findings suggest that over the past 90 years, anthropogenic
habitat changes have had a substantial impact on plant species growing
in arable fields. We did not detect significant effects of climate change
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Table 1

Summary of the full model using the log-transformed ratio of occupancy in the
last modeled decade to the occupancy in the first decade and species attributes
(i.e., ecological indicator values, biogeographic status and affinity to arable
habitats) as predictors. Significance levels: * < 0.05, ** < 0.01, *** < 0.001.
Note that soil reaction (pH) was fitted as a first (poly1) and second (poly2) order
polynomial.

predictor estimate std. error + p-value
intercept +0.553 0.137 7.1011e > *¥*
nutrients +0.051 0.023 0.0261 *

soil reaction poly1l -1.091 0.589 0.0650

soil reaction poly2 -0.321 0.609 0.5987

soil moisture +0.040 0.025 0.1121

native -0.194 0.058 0.0041 **
archaeophyte -0.159 0.058 0.0090**
neophyte +0.907 0.001 <0.0000001 ***
affinity to arable habitats -0.144 0.070 0.0410 *

such as an occupancy increase in thermophilous species, and thus cannot
confirm significant effects of climate change with our data. Contrary to
the expectation, species with a preference for higher soil moisture
increased in occupancy. Neophytes became more widespread over the
study period, while the opposite was the case, on average, for archae-
ophytes and native species. Decreases among species affiliated with
arable habitats further underscore the magnitude of changes that the
diversity of vascular plants growing in arable fields has undergone. A
study using comparable methods applied to all habitats in Germany
(Eichenberg et al., 2021) demonstrated similar trends in the increase of
neophytes that partially compensated for the loss of archaeophytes and
natives; yet, it demonstrated a large net loss of biodiversity — which we
did not find, likely to the exclusion of many rare species in our analyses.
Our results are in accordance with a meta-analysis of arable habitats
across Europe (Richner et al., 2015) regarding species pH tolerance,
nutrient preference and affinity to arable habitats. Additionally, studies
on arable habitats for parts of our study area or neighboring regions (e.
g., Central Germany: Meyer et al., 2015; Central Italy: Fanfarillo et al.,
2019; Czech Republic: Lososova et al., 2004; Slovakia: Majekova et al.,
2019; Slovenia: Silc and Carni, 2005; Switzerland: Richner et al., 2017)
suggested similar trends in terms of species’ nutrient and soil reaction
preferences, as well as their biogeographic status and affinity to arable
habitats.

4.2. Changes in land-use practices and distribution of plants of arable
fields

Occupancy increases in species with a preference for nutrient-rich
sites and decreases in species with the opposite preference (Fig. 3a)
illustrate that direct human actions such as increased fertilizer appli-
cation have altered the conditions for plants in arable fields. In the case
of soil reaction (Fig. 3b), we showed a decrease in species typical of soils
with extreme (either low or high) reaction that is likely due to the
conversion of marginally profitable acidic or alkaline sites to other land
use types. In this context, the practice of adding calcium carbonate to
acidic soils may also play a role (Holzner, 1978).

4.3. Lack of climate change effects

Surprisingly, the expected increase in occupancy of species with
preferences for higher temperatures (Fig. 3a), indicating climate change
effects, could not be confirmed. We believe that several other causes
contribute to our findings. First, profound changes in land-use practices
have led to a loss of unproductive sites - fields on shallow dry soils that
harbored thermophilous species such as Legousia speculum-veneris and
Veronica triloba. These species have declined in occupancy precipitously
during the last decades (—44% and —11%, respectively) along with
species tolerant of acidic (e.g., Sagina procumbens —46%) or alkaline/
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calcareous soils (e.g., Campanula rapunculoides —22%), the latter being
positively correlated with species temperature preferences (r; = 0.32,
Table A.2). In the single-predictor model, soil moisture preference was a
positive predictor of occupancy change (Fig. 3b), which was the oppo-
site of our expectations, given that increased drought resulting from
climate change should cause a decrease in species with high moisture
preferences. Apart from only 17 (5 %) species having a moisture pref-
erence above eight, four factors may have contributed to this surprising
result. Firstly, as agricultural production intensified, formerly wet
meadows were drained and converted to fields, in which some of the
species with a preference for high soil moisture persisted — a similar
effect could be the cessation of cultivation on particularly shallow, dry
soils (see above). Secondly, species with low moisture preferences also
show preferences for nutrient-poor habitats, underscored by the rela-
tively strong correlation between the respective indicator values (r; =
0.41, Table A.2), suggesting that these species’ occupancy decreases are
more connected to their nutrient than soil moisture preference. Thirdly,
a combination of increased irrigation (Rossi, 2019) and denser crop
stands may have preserved a moist microclimate, even while the mac-
roclimate became drier (Karger et al., 2017). Lastly, our threshold of 50
records may have excluded species from specific microsites such as
temporarily wet sites causing an imbalanced picture in regard to species
with high soil moisture preferences.

Response lags of species and the relatively moderate changes in cli-
matic conditions may additionally mask the full extent of climate change
impacts on vascular plant diversity in arable fields, especially consid-
ering that more pronounced effects of climate change started later than
our baseline decade for modeling (1930-1939). It has been shown that
climatic lags are widespread in Europe for highly mobile groups such as
birds and butterflies (Devictor et al., 2012), and these are likely even
more common in less mobile groups such as vascular plants.

4.4. Biogeographic origin and divergent occupancy patterns

The difference in occupancy changes between the most common
neophytes, archaeophytes, and natives may in part be caused by
different habitat preferences, such as the crop types (Pysek et al., 2005).
Overall, our results mirror the well-documented trend of neophyte
spread (Asner et al., 2010; Simberloff et al., 2013). However, we likely
underestimated the change in occupancy of neophytes since we
excluded any species with low recording intensity. Also, some study
designs may have included sampling biases (e.g., conservation-oriented
studies excluding areas with a high incidence of neophytes) and thus
masked the role neophytes play in the temporal species turnover in
arable habitats. As biological invasions will increase globally (Seebens
etal., 2017) and climate change may increase the habitat suitability for
many neophytes (Dullinger et al., 2017), their role as emerging weeds
will likely become even more important in the future (Groves, 2006).

4.5. Moderate overall change yet large individual changes

None of the species modeled in our dataset showed a complete loss of
occupancy, i.e., extinction in the study area, and the overall change in
occupancy across all species was only slightly negative (—0.1 %). Thus,
our results suggest that potential losses among the 359 most common
species are compensated by range-expanding species echoing the results
of “no-net-change” publications that deal with diversity on the local
scale (Biihler and Roth, 2011; Vellend et al., 2013, 2017). However, here
we address plant diversity changes in a rather large study area, thus it
should be considered that a large loss of diversity may already have
occurred at national, sub-national or -regional levels. We further
emphasize, that we consider changes in the number of occupied grid
cells here, which are invariant to local (i.e., plot-level) abundance
changes, for which drastic changes have been shown elsewhere (Meyer
et al., 2013). The slight overall reduction in occupancy was combined
with substantial gains and losses in individual species. Together, these
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trends suggest that a subset of the species is expanding and becoming
increasingly common, possibly resulting in progressive homogenization
of arable plant assemblages in the study area. We further emphasize that
we excluded rare species from the analysis due to the paucity of avail-
able records, thus our results may have underestimated species loss, as
rare species are more likely to go extinct. In addition, the 73 species (20
%) decreasing to levels lower than half their initial occupancy strongly
suggest a range reduction that may result in extinction — a result that
would most likely be more pronounced had we included rare species. We
conclude that in Central European arable fields, species composition is
undergoing significant changes, while drastic extinction waves are not
(yet) detectable with our data and analytical approach. However, an
unsettled extinction debt (Kuussaari et al., 2009) may be creating a more
optimistic picture in terms of biodiversity than actually is the case. This
is especially pertinent considering the future interactions of climate,
land use change and biological invasions remain hard to predict.

4.6. Caveats of the study

Our chosen method, occupancy modeling, should have corrected for
the most problematic biases within the data source, related to sampling
heterogenetiy. However, additional biases remain such as non-random
sampling or a priori exclusion of certain sites in individual studies, e.
g., focusing exclusively on one crop type excluding other crops (Biirger
et al., 2022). While we treated the temporal dynamics of agricultural
intensification as constant across the study area, there are noteworthy
differences in the speed of intensification across any area of this size (e.
g., east and west of the former Iron Curtain). Additionally, spatiotem-
poral variation in sampling makes it possible that we modeled temporal
trends of species only locally common in a biased way due to large data
contributions from particular regions and time periods (e.g., Switzerland
in the 1930s). We further underscore, that our dataset contained records
from field interiors and their edges and thus may present an underesti-
mate of species’ losses in field interiors (e.g., because field centers have
lost more species recently compared to edges).

While using occupancy models in a spatially explicit way is possible
in principle (e.g., Sutherland et al., 2014), this was not feasible in our
case as it would have involved fitting over 3.6 x 107 individual models
(359 species over eleven decades and 9003 grid cells) and required
substantially more data. Our models already showed considerable run-
times to convergence with a median of 8.5 h per species (for an overview
of model runtime, see Figure A.10). Thus, we could not test spatially
explicit hypotheses regarding, e.g., species’ ranges tracking climate
change (Parmesan and Yohe, 2003) or focal points of neophyte invasions
that would warrant monitoring.

4.7. Conclusions

While effects of climate change on changes in occupancy of plant
species growing in arable fields over the last 90 years could not be
shown, we found that anthropogenic habitat change has had a major
influence on plant biodiversity of arable fields in Central Europe.
Additionally, the spread of neophytes concurrent with the decline of
many native species and archaeophytes and the decline of species with
an affinity to arable habitats underscore that substantial changes have
happened in this habitat that covers approximately one-fifth of Central
Europe.
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