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Abstract

Temperate grasslands rank among the most diverse ecosystems in the world at small spatial
scales. Maintaining species-rich grasslands is therefore essential for biodiversity conser-
vation in Europe. Several EU countries have implemented Agri-Environmental Schemes
(AES) designed to preserve grassland biodiversity and support farmers in developing their
operations in a sustainable manner. While the prohibition of fertilization helps maintain
oligotrophic, species-rich grasslands, it remains a stringent requirement that may discour-
age farmers from enrolling in these schemes. Because hay meadows are mesotrophic
habitats, low levels of fertilization could potentially allow the maintenance of satisfactory
biodiversity. We compared two AES measures implemented in Luxembourg: P4B (mowing
after 15 June, no fertilization) and P3B (mowing after 15 June, fertilization permitted up to
50 kg N ha−1 year−1), the latter aiming to increase forage yield while maintaining accept-
able biodiversity levels. Nineteen grassland sites were selected across Luxembourg. Within
each site, adjacent delimited experimental plots were managed under P3B (350 kg ha−1

of mineral fertilizer, N14–P9–K24) and P4B (no fertilization). Floristic composition and
biomass yield were recorded annually over four years. Fertilization had a negative effect
on hay meadow biodiversity and conservation status, resulting in fewer typical species, a
reduced dicot-to-grass ratio, and greater cover of nitrophilous species. Nevertheless, most
fertilized plots still met the criteria for hay meadows of good to medium conservation status
according to Luxembourg’s evaluation framework. Fertilization increased biomass yield by
approximately 40% compared with unfertilized plots. We conclude that P4B remains the
optimal management option for hay meadows and should be prioritized in areas hosting
sensitive species and in the most biodiverse sites. However, P3B represents a pragmatic
compromise, maintaining an acceptable level of biodiversity while being more attractive
to farmers.

Keywords: biodiversity; conservation status; forage yield; grassland; mineral fertilizer;
plant communities

1. Introduction
Temperate grasslands are among the most diverse ecosystems worldwide at small

spatial scales [1]. Maintaining species-rich grasslands is therefore essential for biodiversity
conservation in Europe, as well as for sustaining associated ecosystem services such as
soil carbon sequestration [2], pest regulation [3], and the mitigation of soil erosion and
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flooding [4]. The maintenance and management of grasslands are therefore key to the
sustainability of livestock production systems at both farm and landscape scales [5]. Since
World War II, biodiversity in European grasslands has undergone a marked decline due
to the combined effects of conversion to arable land and intensification of the remaining
grasslands [6]. These land-use changes were initially encouraged in early phases of the EU
Common Agricultural Policy (CAP) until the 1980s [7]. However, following the 1992 CAP re-
form, several mechanisms were introduced to counteract the adverse environmental effects
of intensive agriculture, including biodiversity loss, and to promote the sustainable devel-
opment of agriculture across the EU [8]. Among these, Agri-Environmental Schemes (AES)
promote environmentally friendly farming practices by providing voluntary payments to
farmers, and all EU Member States are required to offer such schemes. Consequently, many
Member States have used AES to promote extensive grassland management, though their
ecological effectiveness has been variable (e.g., [9–12]).

Grassland biodiversity management, including AES targeting conservation, often
involves restrictions or prohibitions on fertilization [5]. Fertilization has indeed been identi-
fied as a key driver of biodiversity loss in species-rich grasslands [13,14]. The most diverse
grassland habitats, such as calcareous grasslands, depend on strictly oligotrophic conditions.
However, other species-rich grasslands occur under mesotrophic conditions, including
lowland hay meadows (habitat 6510 under the EU Habitats Directive 92/43/EEC) [15,16].
For such habitats, it is not self-evident that fertilization must be completely prohibited
for successful conservation [17]. Several typical species of this habitat can tolerate rel-
atively high nutrient levels, such as the dominant grass Arrhenatherum elatius [18] and
the widespread forb Heracleum sphondylium [19]. Conversely, restricting fertilization may
reduce forage yield and thus decrease farmers’ willingness to adopt these management
practices [20,21]. The success of an AES depends not only on its ecological outcomes but
also on its uptake by farmers, i.e., scheme acceptance [22,23]. This raises the question of
whether low levels of fertilization could offer a viable compromise between maintaining
forage production and preserving grassland biodiversity.

In Luxembourg, this rationale led to the development of two AES promoting extensive
grassland management: “extensive grasslands—P4B” and “extensive grasslands—P3B”. Both
schemes apply to permanent grasslands for a five-year period on a voluntary basis. Each
includes a late-mowing requirement prohibiting mowing before 15 June. They differ only in
fertilization; P4B prohibits all fertilization, whereas P3B allows up to 50 kg N ha−1 year−1

of either organic or mineral fertilizer, with no limits on other nutrients. Farmers adhering to
P3B or P4B receive payments of EUR 275 ha−1 year−1 and EUR 325 ha−1 year−1, respectively,
funded jointly by the EU and the Luxembourg state. Given this public expenditure, it is im-
portant to assess whether the management prescriptions are compatible with the conservation
of species-rich hay meadows. Previous studies have examined the effects of fertilization on
grassland biodiversity, see [24] for a review. These studies generally concluded the adverse
effect of fertilization on grassland diversity. However, they covered a great variability in
terms of study habitats, level of fertilization, and duration of the experiment. Therefore,
there remains a need for a multi-site, multi-year study focusing specifically on lowland hay
meadows (habitat 6510) to evaluate the impact of these AES prescriptions.

In this study, we compared the ecological outcomes of P3B and P4B with respect to
biodiversity and conservation status of habitat 6510—lowland hay meadows. We hypothe-
sized that (i) P4B would perform best in achieving conservation objectives, notably through
the preservation of a higher species richness; (ii) P4B would result in substantially lower
forage yield than P3B; and (iii) the low fertilization level permitted under P3B would not
cause unacceptable biodiversity degradation, as lowland hay meadows are mesotrophic
habitats that are likely to persist under a low level fertilization treatment. These hypotheses
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were tested over four years across 19 sites, also accounting for the forage yield achievable
under each AES.

2. Materials and Methods
2.1. Study Site and Protocol

We selected 19 grassland sites across Luxembourg for the experiment (Figure 1).
In 2019, a first preselection was performed based on administrative data for grasslands
enrolled in the AES “extensive grasslands” and recorded as “N2000 biotopes” by the
Luxembourg administration. Sixty sites were visited in early summer 2019 to identify those
meeting the following criteria: (i) being a hay meadow with a good or medium conservation
status according to the number of indicative species (i.e., at least eight characteristic species
present, see Table A1); (ii) being free of threatened species or species highly sensitive to
fertilization—especially orchids—that could be put at risk by the experiment; and (iii) being
managed by a farmer willing to allow experimental work on his/her field.

Figure 1. Location of the 19 study sites (marked with a ) across the three administrative cantons
of Luxembourg. Coordinate grid referential: WGS84.
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In each of the 19 experimental sites, two contiguous zones were delimited such that
no visual or topographic features differentiated them (e.g., absence of rocky outcrops, wet
patches; in sloping sites, zones were placed perpendicular to the slope). Each zone covered
approximately 0.5–1 ha, depending on local homogeneity. Within each site, one zone was
randomly assigned as the fertilized zone (ZF) and the other as the unfertilized control (Z0).

Each year from 2020 to 2023, fertilizer was applied in ZF between late March and
mid-April, depending on weather conditions. We applied 350 kg ha−1 of a mineral fertilizer
(N14–P9–K24, commercialized by De Verband, Colmar-Berg, Luxembourg), corresponding
to 49 kg N ha−1—just below the 50 kg N ha−1 limit authorized under AES P3B. Phosphorus
and potassium inputs were adjusted to ensure they were not limiting factors for forage
growth; in other words, fertilization was maximized within the legal AES P3B prescription.
In doing so, we intentionally simulated the “worst-case scenario” under the AES.

2.2. Floristic Survey

In early June each year from 2020 to 2023, floristic surveys were conducted in each of
the 38 delimited zones. Three circular plots (1 m radius) were sampled per zone. In sloping
grasslands, the plots were paired at equivalent slope levels in ZF and Z0. The coordinates
of all plots were recorded using GPS to ensure consistent annual resampling.

At each plot, all vascular plant species were recorded, and their abundance was
estimated using the Van der Maarel [25] cover–abundance scale. Nomenclature follows [26].
Van der Maarel classes were converted to percentage cover (class medians) prior to analysis.
For each zone and year, the three plots were aggregated to obtain mean species cover
values, producing a single vegetation dataset per zone per year.

From the vegetation data, we calculated several indicators of biodiversity and conser-
vation status relevant to lowland hay meadows:

• Species richness.
• Mean Ellenberg N-index (N-Ellenberg), weighted by species cover (ranging from

1 = most oligotrophic preference to 9 = most eutrophic [27]).
• Indicators used by the Luxembourg administration for the six-yearly EU reporting on

habitat 6510 (Table 1):

• Number of species indicative of habitat 6510 (NB.Ind);
• Proportion of dicots (%dicots);
• Proportion of nitrophilous species (%Nitrophilous; species list in Appendix A).

Table 1. Criteria and thresholds used by the Luxembourg administration to determine the conser-
vation status of the “6510—Lowland hay meadows” habitat. Species lists for criteria 1 and 3 are
provided in Table A1.

Criterion
Degree of Conservation

Out of Habitat
A-Good B-Medium C-Degraded

Criterion 1: Number of species
indicative of the 6510-habitat (NB.Ind) ≥15 9–14 4–8 <4

Criterion 2: Cover proportion of dicots
(%dicots) >30% ≤30% and

>15% ≤15%

Criterion 3: cover proportion of
nitrophilous species (%Nitrophilous) <10% ≥10% and

<30% ≥30%

2.3. Forage Production Survey

Between 10 and 15 June each year, forage yield was measured in each zone at the
same locations as the floristic plots (3 plots per zone). Forage was harvested using a motor
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mower. For each mown area, we recorded the surface (Surfmown; 6–10 m2) and the fresh
weight of the entire mown biomass (FWmown). A sub-sample (FWsample) was weighed,
oven-dried at 55 ◦C until constant weight (DWsample), and used to compute dry matter
content (DMC):

DMC = DWsample/FWsample. (1)

Dry matter yield (DMY, t ha−1) for each plot was then calculated as

DMY = (FWmown × DMC/Surfmown) × 10. (2)

DMY values from the three plots in the same zone were averaged to obtain a single
annual DMY estimate for each zone.

2.4. Statistical Analyses

To analyze floristic variation among sites and zones, we performed a Principal Coordi-
nate Analysis (PCoA) based on the Bray–Curtis dissimilarity index using the R package
vegan [28]. All years and zones were included in the ordination. Indicative species of
habitat 6510 and nitrophilous species were projected onto the PCoA diagram using their
mean zone scores weighted by abundance.

We tested the impact of fertilization on six indicators (five floristic indicators and
DMY) by comparing ZF and Z0. Count-based variables (species richness and NB.Ind) were
analyzed using Poisson mixed-effects models with glmer from the lme4 package, version
1.1-33 [29]. Other indicators were analyzed using linear mixed-effects models (lme in the
nlme package) [30]. Proportion variables were arcsine-transformed; DMY and N-Ellenberg
were log-transformed to improve normality. Site and year were included as random effects,
with year treated as a numeric variable representing time since experiment initiation
(2020 = year 1). Model effects were assessed using ANOVA. Boxplots and the PCoA
diagram were generated with ggplot2 [31]. All analyses were performed in R version
4.2.0 [32].

To identify species significantly favored or disfavored by fertilization, we conducted
an INDVAL analysis [33]. The analysis was performed on the entire dataset, using Z0
versus ZF as the clustering factor.

3. Results
The PCoA indicated that a substantial proportion of floristic variation was driven by

site effects, reflecting the intrinsic variability within lowland hay meadows (Figure 2). The
upper-left quadrant corresponded to calcicolous variants, characterized by Bromopsis erecta,
Salvia pratensis, and Carum calvi. The upper-right quadrant represented acidic dry variants,
with species such as Pimpinella saxifraga and Luzula campestris. The lower-right quadrant
included species typical of alluvial conditions, including Alchemilla xanthochlora and Silene
flos-cuculi. Finally, the lower-left quadrant corresponded to nitrophilous communities, with
higher proportions of nitrophilous species such as Phleum pratense, Alopecurus pratensis,
and Bromus hordeaceus. Fertilized zones (ZF) tended to shift towards the nitrophilous
variant relative to unfertilized zones (Z0). However, they did not form a distinct cluster
in the ordination, indicating that they remained within the natural range of variation for
the habitat.
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Figure 2. PCoA diagram for axes 1 and 2. (a) Each point represents a surveyed zone within a site
for a given year. Zones from the same site and year are connected by an arrow pointing from the
unfertilized zone (P4B, Z0) to the fertilized zone (P3B, ZF). (b) Indicative and nitrophilous species (in
bold) are labeled at their respective positions.
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ANOVA results confirmed these patterns (Figures 3 and 4). Fertilization significantly
affected all indicators; it reduced species richness, the number of habitat-indicative species
(NB.Ind), and the proportion of dicots (%Dicots), while increasing the Ellenberg N index
(N-Ellenberg) and the cover of nitrophilous species (%Nitrophilous). The INDVAL analysis
revealed that seven species were significantly associated with the absence of fertilization.
Among these, Plantago lanceolata, Avenula pubescens, and Prunella vulgaris were most strongly
affected by fertilization (Table 2). Only P. vulgaris was never observed in ZF, although it was
also relatively rare in Z0 (occurring in 7 plots across 5 sites). Species significantly associated
with ZF were four grass species, which were also present, albeit at lower abundance, in Z0.
Three of them, i.e., Alopecurus pratensis, Poa trivialis, and Phleum prantense, are included in
the species list for the computation of the nitrophilous species cover (Table A1). Several
indicators also exhibited significant interannual variation, particularly species richness
(p = 0.009) and %Dicots (p < 0.001). The magnitude of the year effect was comparable to, or
even greater than, that of fertilization. Both species richness and %Dicots tended to decrease
over the four-year period, even in the absence of fertilization. NB.Ind showed a similar but
less pronounced decline (p = 0.044). No significant interaction between fertilization and
year was detected for any indicator, indicating that the effect of fertilization was consistent
across years.

Figure 3. Cont.
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Figure 3. Boxplots and ANOVA results for (a) species richness, (b) N-Ellenberg index, and (c) dry
matter yield (DMY). The line and diamond within each box represent the median and mean, re-
spectively. Lower and upper hinges correspond to the first and third quartiles. Whiskers extend to
the largest/smallest value within 1.5 × IQR from the hinge; values beyond this range are plotted
individually using dots. Z0 and ZF are Unfertilized and Fertilized zones, respectively.

Figure 4. Cont.
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Figure 4. Boxplots and ANOVA results for (a) number of habitat-indicative species (NB.Ind), (b) %Di-
cots, and (c) %Nitrophilous species. The line and diamond within each box represent the median and
mean, respectively. Lower and upper hinges correspond to the first and third quartiles. Whiskers
extend to the largest/smallest value within 1.5 × IQR from the hinge; values beyond this range are
plotted individually using dots. Along the y-axis, shaded boxes indicate the range and thresholds
used for conservation status evaluation (see Table 1). Z0 and ZF are Unfertilized and Fertilized
zones, respectively.

Table 2. Results of the INDVAL computation and analysis of the significance (p-value) of species
association with unfertilized zones (Z0) of fertilized zones (ZF). Only species that are significantly
associated with one type of zone or the other are displayed.

Species INDVAL p-Value

Associated with Z0
Plantago lanceolata 0.560 0.005
Trifolium pratense 0.550 0.029
Festuca rubra 0.537 0.028
Ajuga reptans 0.299 0.032
Ranunculus bulbosus 0.294 0.032
Avenula pubescens 0.221 0.014
Prunella vulgaris 0.093 0.015

Associated with ZF
Holcus lanatus 0.609 0.001
Alopecurus pratensis 0.507 0.025
Poa trivialis 0.501 0.021
Phleum pratense 0.369 0.002

Regarding conservation status, most unfertilized plots (P4B) fell into the “A–Good”
category, except for NB.Ind, which was evenly split between “A–Good” and “B–Medium.”
In fertilized zones (ZF), “B–Medium” was dominant for NB.Ind. A similar pattern was
observed for %Nitrophilous, although “A–Good” remained the most frequent category.
For %Dicots, most fertilized plots retained an “A–Good” conservation status. Dry matter
yield (DMY) increased significantly under fertilization (p < 0.001), with an approximate 40%
increase relative to unfertilized plots. DMY also exhibited marked interannual variation.

4. Discussion
Our study confirms that fertilization had a significant effect on plant communities in

lowland hay meadows. It generally favored nitrophilous grass species such as Poa trivialis
and Alopecurus pratensis, which contributed most to the observed increase in %Nitrophilous
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cover. Fertilization also partially contributed to the increase in %Dicots; however, a large
part of this effect was due to the increased cover of grasses that typically dominate habitat
6510 hay meadows, notably A. elatius and Trisetum flavescens. A. elatius, a typical dominator
of 6510 hay meadows, is known to tolerate relatively high fertilization levels, remaining
dominant even under 200 kg N ha−1 [34]. Both A. elatius and T. flavescens [35] were
shown to increase under fertilization in an oligotrophic Nardus stricta grassland. These
oligotrophic control conditions further accentuated the contrast, with an almost complete
species turnover, which was not the case in our study. Conversely, some individual species
were particularly unfavored by fertilization. Among them, P. lanceolata, F. rubra, and
P. vulgaris were known to be oligotrophic species that perform better in the absence of
fertilization [35–38]. This is, however, unclear for A. pubescens, which was found to be
favored by fertilization in a previous study [37], while it was associated with unfertilized
zones in our case.

Despite the persistence of some typical species, fertilization reduced overall species
richness, including the number of habitat-indicative species (NB.Ind), consistent with
previous studies [24]. This decline in diversity is attributable to increased competition for
light, which primarily affects less competitive species [39], among which P. vulgaris [40].
Beyond alpha-diversity, we also observed a loss of beta-diversity. Fertilized zones (ZF)
tended to cluster in the same region of the PCoA, indicating a homogenization of species
composition relative to unfertilized zones (Z0). Such homogenization has been reported
at multiple trophic levels under grassland intensification [41]. Our study confirms that
fertilization-induced homogenization can occur even in initially homogenous lowland
hay meadows, highlighting that vegetation homogenization may act at very fine compo-
sition scales. However, this trend was not universal; some sites appeared more resistant
to fertilization effects. Site-specific responses have been observed previously [42]. In
our study, sites dominated by Bromopsis erecta on alkaline marl soils were particularly
resistant, whereas sites on shallow acidic soils dominated by Festuca rubra were most
strongly impacted.

One worthy result in our study was the importance of the interannual variation
in the biodiversity indicators, which affected the conservation degree in both fertilized
and unfertilized zones. Climatic conditions during the experiment likely contributed to
this variation. Normal rainfall for the growing period (March–May) is 204 mm, whereas
in 2020 and 2022 it was 122 mm and 89 mm, respectively, and in 2021 and 2023 it was
closer to normal (157 mm and 191 mm) [43]. Interannual variation in dry matter yield
(DMY) mirrored these patterns. Alternating dry and wet conditions are known to favor
nutrient-acquisitive grasses at the expense of species diversity [44], which may explain
the observed decline in species richness and %Dicots even in unfertilized plots. This
underscores the interaction between interannual weather fluctuations and biodiversity,
as vegetation changes may affect the resilience of grassland productivity under shifting
climatic conditions [45].

After four years, our results demonstrate a combined effect of fertilization and cli-
matic variability on biodiversity and conservation status. On average, fertilization reduced
the number of indicator species by approximately 2, %Dicots by 7%, and increased %Ni-
trophilous by about 4%. This magnitude was comparable to the interannual variation
observed for these parameters, which therefore cumulates with the fertilization impact.
However, the overall level of degradation remained limited. Most fertilized plots retained
a conservation status of “A–Good” or “B–Medium.” It is important to note that NB.Ind
was systematically underestimated in our study, as thresholds for conservation degrees
were calibrated at the plot level, whereas our measurements were conducted at a 15-m2

scale. It is likely that additional indicator species occurred outside our plots, so that NB.ind
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would be higher at the whole-grassland scale than at the 15-m2 plot scale. This result is
consistent with previous studies suggesting that low-level fertilization (~50 kg N ha−1) can
provide a compromise between maintaining biodiversity and forage production [46,47]. It
is worth noting that our experiment represents a “worst-case scenario” under AES P3B,
including the maximum authorized or agronomically relevant NPK fertilization. In prac-
tice, discussions with farmers revealed that such levels were rarely applied. Fertilization
practices prior to the experiment likely varied between sites. Among the 19 sites, 14 were
under P4B at the start of the experiment, meaning no fertilization had occurred for at least
the preceding years. Even among the remaining five P3B sites, several farmers reported
that fertilization was not applied annually. These farmers did not enroll in P4B in order to
retain flexibility under adverse forage production conditions. Some used organic fertilizers,
which are known to induce less pronounced changes in grassland vegetation and diversity
due to slower nutrient release [48]. The use of organic fertilizer may also be economically
advantageous, given the high price of mineral fertilizers. During the experiment, fertilizer
costs under our experimental conditions ranged from approximately EUR 180/ha in 2020
and 2021 to around EUR 350/ha in 2022 and 2023. Meanwhile, the expected additional
gain from higher forage yield was estimated at EUR 150–250/ha on average, depending on
the year, from which the EUR 50/ha difference in AES subsidies should be deducted. It
is therefore evident that applying the maximum allowed fertilization under P3B is rarely
economically viable, which may explain why few farmers implement this practice in reality,
as opposed to our experimental application.

5. Conclusions
Our study demonstrated that the complete absence of fertilization maximizes biodi-

versity and should be promoted in the most sensitive and species-rich sites. We specifically
highlight sites harboring sensitive species such as A. pubescens, Ranunculus bulbosus, or P.
vulgaris. Caution should also be exercised for sites containing species indicative of olig-
otrophic conditions, as species typically found in calcareous or Nardus stricta grasslands.
These oligotrophic habitats are known to be much more sensitive to fertilization, even at a
low level [35,49]. Among them, orchids are known to be sensitive to the nutrient status of
the site where they grow [50]. This is the case for Anacamptis morio and Dactylorhiza majalis,
which are likely to be found in the most oligotrophic hay meadows [51,52]. We deliberately
excluded sites sheltering such species from our experiment, and our conclusions should not
be extrapolated to these conditions. Because total exclusion of fertilization reduces yield,
offering both management options within the same AES is relevant, providing farmers with
a less radical choice within voluntary schemes. This permits farmers to enter at their own
speed into more sustainable grassland management. The level of financial incentives is
crucial in guiding farmers’ choices, although decision-making is complex [21]. By quantify-
ing these trade-offs, our study can inform policy design and support optimal management
decisions. We recommend that incentives to eliminate fertilization be sufficiently strong,
particularly in sensitive areas such as Natura 2000 sites.
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Appendix A

Table A1. List of species used by the Luxembourg administration to determine the conservation
status of the “6510—Lowland hay meadows” habitat. See Table 1 for criteria and thresholds.

Species Indicative of Habitat 6510

Achillea millefolium Crepis biennis Leontodon hispidus Rhinanthus alectorolophus
Agrostis capillaris Cynosurus cristatus Leucanthemum vulgare Rhinanthus minor
Ajuga reptans Dichoropetalum carvifolia Lotus corniculatus Salvia pratensis
Alchemilla glabra Euphrasia sp. Luzula campestris Sanguisorba officinalis
Alchemilla xanthochlora Festuca ovina agg. Lysimachia nummularia Saxifraga granulata
Anthoxanthum odoratum Festuca rubra Malva moschata Silaum silaus
Arrhenatherum elatius Galium mollugo agg. Medicago lupulina Silene flos-cuculi
Avenula pubescens Galium verum Myosotis scorpioides Stellaria graminea
Briza media Geranium pratense Pimpinella major Symphytum officinale
Bromopsis erecta Hypericum maculatum Pimpinella saxifraga Thymus pulegioides
Bromus racemosus Hypericum perforatum Plantago lanceolata Tragopogon pratensis
Campanula glomerata Hypochoeris radicata Polygala vulgaris agg. Trifolium dubium
Campanula rapunculus Jacobaea vulgaris Poterium sanguisorba Trisetum flavescens
Campanula rotundifolia Knautia arvensis Primula veris Veronica chamaedrys
Carum carvi Lathyrus linifolius Prunella vulgaris Vicia angustifolia
Centaurea jacea coll. Lathyrus pratensis Ranunculus bulbosus Vicia cracca
Colchicum autumnale

Nitrophilous Species

Alopecurus pratensis Cirsium vulgare Poa trivialis Urtica dioica
Bromus hordeaceus Phleum pratense Rumex obtusifolius
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