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 2 

Abstract 3 

1. A central credo of plant conservation is that the most effective way to protect native 4 

plants is to conserve the habitats in which they occur. Protected areas are therefore a 5 

cornerstone of plant conservation, and much research has focused on optimizing their 6 

representativeness across species. Far fewer studies, however, have tested whether 7 

protected populations actually persist over time. Here, we address this gap and assess 8 

whether protected areas in Germany promote persistence of threatened plant species. 9 

2. Using a large-scale, 60-year occurrence dataset based on >29 million records for >2,100 10 

plant species, together with >7,700 local plot time series spanning almost 100 years for 11 

1,800 vascular plant species, we evaluated protected-area effectiveness across two 12 

spatial scales. We tested (i) whether greater coverage of threatened species’ ranges by 13 

protected areas was associated with greater range retention, (ii) whether threatened 14 

species showed more favorable cover, colonization, and extinction dynamics in 15 

protected than unprotected plots, and (iii) whether these relationships differed among 16 

protected-area categories. 17 

3. Greater protection of species’ baseline ranges was associated with higher range 18 

retention, although protected-area coverage explained little variation, and category-19 

specific positive associations were detected only for strictly protected areas (IUCN I–20 

III and biosphere reserve core zones) and Natura 2000 sites. At the local scale, cover 21 

trends differed little between protected and unprotected plots and were generally 22 

negative, with weak evidence for more positive trends in Natura 2000 sites. Extinction 23 

odds of threatened species were lower in Natura 2000 and IUCN IV sites, both 24 

characterized by more active management, but higher in IUCN V areas. Colonization 25 
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counts were higher in Natura 2000 sites and strictly protected areas than outside 26 

protected areas. 27 

4. Synthesis: Natura 2000 was the only protection category showing favorable effects 28 

across both spatial scales and multiple measures of persistence. More broadly, however, 29 

the effects of protection were modest and far from unequivocal or universal. Thus, our 30 

findings suggest that biodiversity targets focused on protected-area extent, like 30-by-31 

30, whilst certainly benefiting several other attributes of biodiversity, are in themselves 32 

not a safe bet for the conservation of threatened flora. 33 

  34 
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Introduction 35 

Protected areas serve as an essential tool for combating the global biodiversity crisis and 36 

achieving internationally agreed biodiversity targets (Gray et al., 2016; Rodrigues & Cazalis, 37 

2020). Currently, approximately 17.6% of the global terrestrial land area is covered by protected 38 

areas. While the Kunming-Montreal Global Biodiversity Framework (COP15) of 2022 set a 39 

new conservation target to protect and effectively manage 30% of the world’s land and sea by 40 

2030 (COP 2022; UNEP-WCMC and IUCN, 2024), quantifying the actual effectiveness of 41 

protected areas remains a central challenge in conservation ecology.  42 

A useful framework to address this challenge distinguishes two complementary components 43 

(Gaston et al., 2006): (i) representativeness (sensu Pressey et al., 1993), or whether protected 44 

areas represent a sufficient fraction of regional biodiversity and (ii) persistence, or whether 45 

protected areas achieve the maintenance of biodiversity features. Representativeness constitutes 46 

a commonly used metric to quantify protected area effectiveness (Gruber et al., 2012; Maiorano 47 

et al., 2015; Rodrigues et al., 2004; Scott et al., 1993), in part because conservation planning 48 

approaches have largely been developed under the assumption of relatively slow and 49 

predictable environmental change (Heywood, 2019) and that maximum species representation 50 

ensures persistence of biodiversity (Cabeza & Moilanen, 2001). Yet representation does not 51 

necessarily translate into persistence. Sites can be too small to sustain viable populations, 52 

management may not match species' requirements, or conditions may change faster than a static 53 

network can accommodate. Thus, as species ranges shift and contract, snapshots of species 54 

representation at given points of time may reveal little about long-term conservation outcomes. 55 

Consequently, persistence rather than representation was proposed to be a more meaningful 56 

“currency for evaluating conservation success” (Williams & Araújo, 2002). Persistence, 57 

however, is much harder to quantify because it requires time-series data from both inside and 58 

outside protected areas, ideally for the same species.  59 
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Studies on mammals, birds or insects indicate positive but variable effects of protected areas on 60 

species persistence, depending on taxon, region and protection regime (Araújo et al., 2007; J. 61 

A. Brown et al., 2019; Hallmann et al., 2017; Rada et al., 2019; Wauchope et al., 2022; Xavier 62 

da Silva et al., 2018). Assessments for vascular plants remain, however, scarce. Notably, the 63 

most comprehensive synthesis to date, a global meta-analysis of counterfactual studies 64 

(Langhammer et al., 2024) reporting an overall positive effect of protected areas, included no 65 

study evaluating protected-area effectiveness for plants. This gap is particularly concerning for 66 

the majority of threatened plant species in Central Europe, which tend to be open habitat species 67 

dependent on nutrient-poor soils and traditional extensive land-use (Poschlod & Bonn, 1998; 68 

Staude et al., 2023). Protection may keep away some anthropogenic pressures, such as more 69 

intensive land use, but does not stop, at least on its own, successional vegetation dynamics that 70 

transform open habitats into closed ones. And even if management efforts are in place, global-71 

change drivers such as nitrogen deposition and climate change transcend protected area 72 

boundaries and may erode habitat quality within them. Thus, it is unclear whether the central 73 

credo of plant conservation—that the most effective way to protect species is to protect the 74 

habitats in which they occur—is, in actuality, an effective strategy in an era of rapid 75 

environmental change. 76 

Germany provides a particularly suitable setting for testing protected-area effectiveness for 77 

plants, as it combines a highly threatened flora—close to one in three native plant species is 78 

red-listed (Metzing et al., 2018)—with an extensive protected-area network that nominally 79 

exceeds the 30% target of the Kunming-Montreal Global Biodiversity Framework 80 

(www.protectedplanet.net/country/DEU). Yet this network spans protection categories of very 81 

different management regimes, from strict non-intervention to categories that permit continued 82 

land use. Evidence that protected areas improve the persistence of native flora in Germany 83 

nonetheless remains scarce. Existing assessments are largely based on current conservation 84 

http://www.protectedplanet.net/country/DEU
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status or other non-temporal approaches and have often focused on Natura 2000 sites, where 85 

conservation objectives more explicitly involve active habitat and species management 86 

(Ellerbrok et al., 2025; Friedrichs et al., 2018; Kallimanis et al., 2015; Trochet & Schmeller, 87 

2013). Such assessments provide important information on present conditions but cannot reveal 88 

temporal trajectories or provide an explicit counterfactual outside protected areas. Time-series 89 

studies have documented declines in German plant diversity in open habitats (Lüttgert et al., 90 

2025) and at the plot level shown that more species decrease than increase in cover (Jandt et 91 

al., 2022), but have not tested whether protection affects these trends, particularly for threatened 92 

flora. Germany therefore provides a critical test of whether meeting ambitious area-based 93 

protection targets actually translates into improved persistence of threatened plants. 94 

Assessing persistence within protected areas depends strongly on the spatial scale considered. 95 

Studies conducted at coarse spatial resolution, such as those using species records aggregated 96 

to grid-cells or species range maps, may be well suited to capture large-scale distributional 97 

changes (e.g., Eichenberg et al., 2021) but obscure local population dynamics, since a species 98 

is recorded as absent only once its last individual in a grid cell has disappeared (Keil et al., 99 

2018). For example, many orchid species show little decline in grid-cell occupancy despite the 100 

loss of many local populations and marked reductions in population size (Ludwig et al., 2009). 101 

Conversely, vegetation plot resurveys can reveal mean temporal trends in local abundance (e.g. 102 

Steinbauer et al., 2018; Verheyen et al., 2018), but are, in comparison to grid cell data, subject 103 

to greater stochasticity and plot selection bias, as resurveys are often conducted in relatively 104 

intact habitats, and not in those most adversely affected by global environmental change factors 105 

(Gonzalez et al., 2016). Combining monitoring data of varying grain sizes and extent can 106 

therefore enable a more comprehensive assessment of protected-area effectiveness. Data on 107 

changes in species distributions can be used to test whether greater coverage of species’ ranges 108 

by protected areas is associated with greater range retention over time, while plot-level time-109 
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series data can reveal whether populations within protected areas show more favorable changes 110 

in abundance. 111 

Two recent high-profile studies of vegetation change in Germany provide the necessary data 112 

for evaluating protected-area effectiveness for threatened plant species across spatial scales. 113 

Eichenberg et al. (2021) reconstructed national distributional change on a 5 x 5 km grid basis 114 

for 2,136 plant species from >29 million occurrence records spanning 1960–2017. Jandt et al. 115 

(2022), in turn, compiled 7,738 permanent and semi-permanent vegetation plots (0.5 to 2500 116 

m²) surveyed over almost a century, providing repeated local-scale measurements of occurrence 117 

and cover for 1,794 vascular plant species. Together, these datasets allow protected-area 118 

effectiveness to be evaluated both in terms of species’ range retention and maintenance of local 119 

populations over time. Here, we use these data to test three hypotheses: (H1) threatened plant 120 

species with a larger fraction of their range under protection exhibit greater range retention over 121 

time (i.e., retained a greater fraction of grid cells occupied in 1960); (H2) threatened plant 122 

species exhibit more positive plot-level abundance trends, as well as higher colonization and 123 

lower extinction rates inside protected areas; and (H3) favorable trends are stronger in 124 

protected-area categories characterized by more active management. Our analysis provides, to 125 

our knowledge, the first quantitative insights into how protected area coverage relates to trends 126 

in national range size and local abundance of threatened flora in Germany.  127 

 128 

Methods 129 

Vegetation change data. We leveraged two complementary datasets capturing nationwide 130 

temporal changes in plant distributions and local abundance in Germany (Table S1). The first 131 

dataset provides modelled occurrence probability records for 2,136 plant species across 12,024 132 

5 x 5 km grid cells (“Messtischblatt” quadrants, MTBQs) covering the entire terrestrial area of 133 

Germany for the three time periods T1=1960-1987, T2=1988-1996 and T3=1997-2017 134 
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(Eichenberg et al., 2021). Occurrence probabilities range from 0 to 1 and were estimated using 135 

the sampling bias correcting Frescalo algorithm (Eichenberg et al., 2021; Hill, 2012). The 136 

second dataset comprises 7,738 permanent and semi-permanent vegetation plots (0.5 to 2500 137 

m²) distributed across Germany and resurveyed between 1927 and 2020, with cover estimates 138 

for 1,794 plant species (Jandt et al., 2022). To filter threatened species, we taxonomically 139 

harmonized species names in the two datasets and the German Red List of vascular plants 140 

(Metzing et al., 2018) using the World Checklist of Vascular Plants (Govaerts et al., 2021) via 141 

the rWCVP and rWCVPdata packages (M. J. M. Brown et al., 2023). We then retained species 142 

assigned to Red List categories 0–3, R, G, and V (Table S2).  143 

Protected area data. We obtained shapefiles of protected area boundaries in Germany from the 144 

World Database on Protected Areas (WDPA; UNEP-WCMC and IUCN, 2024; 145 

https://www.protectedplanet.net/country/DEU; Table S1). We restricted analyses to polygon-146 

based, terrestrial protected areas, excluding exclusively marine protected areas, one World 147 

Heritage Site located outside Germany's borders (WDPA ID 903141), and point-based natural 148 

monuments (e.g., individual trees or rocks; ~IUCN category III). Because WDPA protected area 149 

polygons from different legal designation categories (e.g., national parks, biosphere reserves) 150 

can spatially overlap (Notes S1; Tables S3–S4), we defined four focal categories for all 151 

subsequent analyses: strict protection (IUCN I-III and biosphere reserves core zones), IUCN 152 

IV, IUCN V and Natura 2000’s Habitats Directive, hereafter referred to as “Natura 2000” (Table 153 

1). Polygon-based National Natural Monuments (Nationale Naturmonumente) were grouped 154 

with strict protection (Notes S1). Areas designated solely under Natura 2000’s Birds Directive 155 

were not included in our “Natura 2000” category, as they target birds rather than plants. For 156 

each focal category, corresponding WDPA polygons were merged into a single polygon layer. 157 

We also combined all protected areas into a single “All” category to assess associations across 158 

https://www.protectedplanet.net/country/DEU
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the entire protected-area network. Note that our focal categories were still not mutually 159 

exclusive (Table S3).  160 

Table 1. Protected-area designation categories in Germany, their corresponding IUCN management categories, 161 
and their assignment to the four focal categories analyzed separately in this study. Designations are ordered by 162 
decreasing restriction on human intervention. Strict protection comprises IUCN categories I–III and biosphere 163 
reserve core zones. “All only” refers to designations that were included only in analyses combining all protected 164 
area categories into a single “All” category and were not analyzed separately. Designation types may overlap 165 
spatially. 166 

IUCN 

category German designation English term Intervention Conservation 

objective 
Combined 

category 

Ia/Ib Wildnisgebiete Wilderness areas None Natural processes Strict 

– Biosphärenreservat – 

Kernzone 
Biosphere reserve core zone None Natural processes Strict 

II Nationalparks National parks Minimal; zoned Natural processes Strict 

III Naturdenkmäler Natural monuments Feature-specific Specific features Strict 

IV Naturschutzgebiete Nature reserves Active Habitats / species IUCN IV 

V Landschaftsschutzgebiete Landscape protection areas Continued human 

use 
Cultural landscape IUCN V 

– Flora Fauna Habitat 

(FFH)-Gebiete 
Natura 2000 / Habitats 

Directive – Special Areas of 

Conservation (SACs) & Site 

of Community Importance 

(SCIs) 

Active Favourable conservation 

status of Annex features 
Natura 2000 

– Vogelschutzgebiete Natura 2000 / Birds Directive 

– Special Protection Areas 

(SPAs) 

Active Bird conservation All only 

– Biosphärenreservat – 

Pflege-/Entwicklungszone 
Biosphere reserve – buffer / 

transition zone 
Continued human 

use 
Sustainable use All only 

– Ramsar-Gebiete Ramsar sites Variable Wetland conservation All only 

– Ostsee-Schutzgebiete Baltic Sea Protected Areas 

(HELCOM) 
Variable Marine / coastal habitats All only 

– Welterbestätten World Heritage Sites Variable Outstanding universal 

value 
All only 

 167 

Quantifying range protection and retention. To test H1 (and H3), we derived two species-level 168 

metrics from the gridded occurrence data of Eichenberg et al. (2021): the proportion of the 169 

baseline range under protection, calculated separately for each protected-area category, and 170 

subsequent baseline-range retention. For each species, we defined the baseline range as all 171 

MTBQs with occurrence probability >0 in T1 (1960–1987). 172 

Range protection. To quantify the proportion of the baseline range under protection, we 173 

intersected baseline-range MTBQs with protected-area polygons separately for each protected-174 

area category. We then calculated, for each species and category, the occurrence-probability-175 

weighted mean proportion of protected area across all MTBQs in its baseline range (Notes S2). 176 
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We used protected area data irrespective of designation date. Although later-designated areas 177 

may have been formally unprotected at baseline, those areas typically already retained the 178 

ecological value that ultimately motivated protection, as designation generally targets relatively 179 

intact rather than heavily transformed land. We restricted analyses to 11,030 MTBQs whose 180 

centroids were located within Germany because protected area data was unavailable for 181 

portions of cells extending beyond the national border. We further excluded MTBQs with >50% 182 

urban area cover in 1960, as high urbanization may constrain plant persistence independently 183 

of protection status. Urban area cover for 1960 was obtained from HILDA+ (Winkler et al., 184 

2021), leaving 10,519 MTBQs for analysis (Notes S2). 185 

Range retention. To quantify a species’ range retention, we summed occurrence probabilities 186 

across all MTBQs occupied by that species at baseline and repeated this calculation for later 187 

periods using the same set of baseline-occupied cells. This captures change within the baseline 188 

range while excluding newly colonized cells. Range retention was expressed as the log-ratio of 189 

summed occurrence probabilities in T3 relative to T1 (Notes S2). Values near zero indicate little 190 

overall change, negative values indicate loss within the baseline range, and positive values 191 

indicate increases in occurrence probability within the MTBQs occupied at baseline. Two 192 

species for which range retention could not be calculated were excluded (Anagallis tenella, 193 

category 2: zero occurrence probability at T3, yielding a non-finite log-ratio; Minuartia 194 

austriaca, category R: no detectable baseline occurrence), leaving 860 species for analysis from 195 

which 658 belong to the more severely threatened species of Red List categories 0-3 and R 196 

(Table S5). 197 

Quantifying local population dynamics inside and outside protected areas. To test H2 (and 198 

H3), we derived three species-level metrics from the vegetation resurvey data of Jandt et al. 199 

(2022) following the R code by Jandt et al. 20221: mean annual cover change, colonization, and 200 

 
1 https://github.com/idiv-biodiversity/ReSurveyGermany_Analysis/blob/main/SupplementaryCode1.txt 

https://github.com/idiv-biodiversity/ReSurveyGermany_Analysis/blob/main/SupplementaryCode1.txt
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extinction inside versus outside protected areas and across protected-area categories. Plot 201 

coordinates were spatially intersected with protected-area polygons to assign protection status 202 

separately for each protected-area category (Notes S3.1; Table S7).  203 

Mean annual cover change. For each threatened plant species and plot, relative cover change 204 

was calculated as the difference in cover between consecutive surveys, divided by the maximum 205 

cover of that species observed across the plot’s time series. To account for unequal survey 206 

intervals, we divided relative cover changes by the number of years between consecutive 207 

surveys. Annualized cover changes were first averaged within each species × plot combination 208 

for plots with more than one resurvey and then across plots, separately for plots inside and 209 

outside each protected-area category. This two-step averaging prevented plots with multiple 210 

resurveys from receiving disproportionate weight and yielded, for each species, one mean 211 

annualized cover-change value inside and one outside protected areas. We used these species-212 

level estimates for the main analysis because they allow a direct paired within-species 213 

comparison of cover change inside versus outside protected areas, while giving equal weight to 214 

each species. But note we also analyzed the (unaveraged) plot-level observations in a 215 

supplementary analysis (Table S12). To ensure that these paired estimates were based on 216 

sufficient spatial replication, we retained only species represented by at least five distinct plots 217 

both inside and outside each protected-area category (Table S9).  218 

Colonization and extinction. Colonization was defined as a transition from absence to presence 219 

between consecutive surveys, and extinction as the reverse transition. For plots with multiple 220 

resurveys, colonization events were retained only if they were not followed by a later extinction 221 

of the same species, and extinction events only if they were not followed by subsequent 222 

recolonization of the same species. This was done in order to minimize the influence of 223 

stochastic fluctuations in species occurrence. Colonization events were summed across all 224 

threatened species and survey intervals within each plot to obtain plot-level colonization counts. 225 
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For the extinction analysis, we considered all threatened species that were present in a plot at 226 

the start of at least one survey interval and therefore could potentially be lost from that plot. 227 

Each species was counted only once per plot. For each plot, we recorded the number of 228 

threatened species that could go extinct and the number that ultimately underwent local 229 

extinction. Plots with no threatened species present at the start of any survey interval were 230 

excluded from the extinction analysis. In contrast, colonization could also be assessed in plots 231 

where no threatened species were present at the beginning of the time series. 232 

 233 

Statistical Analyses. To test H1 (and H3), we fitted separate linear models for each protected-234 

area category, relating species’ range retention to the proportion of their baseline range under 235 

protection. Because baseline range size was associated with the proportion protected (Figure 236 

S2; Table S6), we included log-transformed baseline range size as a covariate. Variance inflation 237 

factors were low (VIF = 1.01–1.35; Fox & Weisberg, 2019), and model diagnostics indicated 238 

no violations of model assumptions. Near-threatened species (category V) were excluded from 239 

the analysis reported in the main text, but we tested whether results are robust to their inclusion 240 

(Figure S4). To assess whether associations were robust to the choice of baseline period, we 241 

repeated the analysis for T2–T3, redefining species’ baseline ranges at the beginning of T2 242 

(Notes S2; Table S6; Figure S3). 243 

To test H2 (and H3), we first related species’ mean annual cover change to protection status 244 

(inside vs. outside protected areas), fitting separate species-level linear mixed-effects models 245 

for each protected-area category. Species identity was included as a random intercept to account 246 

for the paired inside–outside structure of the data. Models were fitted using the lme4 and 247 

lmerTest package (Bates et al., 2015; Kuznetsova et al., 2017), and marginal means and inside–248 

outside contrasts were estimated using the emmeans package (Lenth, 2025). Near-threatened 249 

species were retained in this analysis because excluding them strongly reduced the sample size 250 
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in strictly protected areas. We assessed the robustness of the results to their exclusion for all 251 

protected-area categories except strict protection, for which the model did not converge (Figure 252 

S5). Because model diagnostics indicated deviations from model assumptions for some 253 

protected-area categories, we additionally performed paired Wilcoxon signed-rank tests as a 254 

non-parametric analysis (Notes S3.2; Table S10). We further assessed the robustness of the 255 

results using mixed-effects models with robust estimation, fitted to species × plot-level mean 256 

annual cover changes. These models retained (unaveraged) multiple plot-level observations per 257 

species within each protection status (Table S12). We then related colonization and extinction 258 

to protection status (inside vs. outside protected areas), fitting separate generalized linear 259 

mixed-effects models for each protected-area category using the glmmTMB package (Brooks et 260 

al., 2017; McGillycuddy et al., 2025). All models included log-transformed plot size and total 261 

survey duration as covariates, and resurvey project as a random intercept to account for 262 

regional, habitat-specific, and methodological differences among projects (cf. Jandt et al., 263 

2022). Near-threatened species were excluded from these analyses because sample sizes were 264 

sufficient without them, but we assessed the robustness of the results to their inclusion (Figure 265 

S6). Colonization was modeled as the total number of colonization events involving threatened 266 

species per plot using a negative binomial distribution, with protection-status effects expressed 267 

as incidence rate ratios (IRRs). Extinction was modeled using a binomial model, with the 268 

number of unique threatened species experiencing final local extinction modeled relative to the 269 

number of unique threatened species that could potentially go locally extinct during the 270 

observed plot time series, thereby accounting for differences among plots in the number of 271 

species available to be lost. Protection-status effects were expressed as odds ratios (ORs). For 272 

both responses, values > 1 indicate higher colonization rates or extinction odds inside protected 273 

areas, respectively. Model diagnostics indicated no substantial problems with model fit or 274 

dispersion.  275 
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For all three plot-scale responses (cover change, colonization, and extinction), we additionally 276 

tested whether protected-area size was associated with local population dynamics. These 277 

analyses were restricted to plots located inside the respective protected-area category because 278 

protected-area size could not be assigned to plots outside protected areas (Notes S3.4; Tables 279 

S17–S18). 280 

 281 

Results 282 

Range retention in relation to baseline-range protection. Despite an overall decline in 283 

summed occurrence probability within baseline ranges (541 of 658 species, 82.2%), species 284 

retained more of their baseline range when a greater proportion of it was protected (β = 0.006, 285 

p < 0.01), although the explained variance was very low (R² = 0.09). When analyses were 286 

separated by protected-area category, a positive association between range protection and 287 

retention was evident for strictly protected areas (IUCN I-III and biosphere core zones; Figure 288 

1b; β = 0.018, p < 0.001, R² = 0.11) and Natura 2000 sites (Figure 1e; β = 0.007, p < 0.01, R² = 289 

0.09). No association between range protection and retention was detected for IUCN IV or 290 

IUCN V areas (Figure 1c–d; Table S6). These results were consistent when near-threatened 291 

species were included (Figure S3). When using a later time period (1988) to define species’ 292 

baseline ranges (Figure S4), the association between range protection and retention remained 293 

positive for strictly protected areas (β = 0.022, p < 0.001), was significantly negative for IUCN 294 

IV areas (β = -0.007, p = 0.001), and was no longer significant for Natura 2000 areas (p = 295 

0.084). These associations were broadly consistent when near-threatened species were 296 

additionally included (strictly protected: β = 0.023, p < 0.001; IUCN IV: β = -0.006, p = 0.001), 297 

except that the positive association for Natura 2000 areas reappeared (β = 0.003, p = 0.019). 298 
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 299 

Figure 1. Relationship between the proportion of species’ baseline ranges protected and subsequent range retention in 300 
threatened plant species in Germany. a) Total protected-area coverage in Germany and the relationship between the 301 
proportion of each species’ baseline range protected and its range retention from T1 (1960) to T3 (2017), across 302 
658 threatened plant species (including Red List categories 0-3, R). The marginal panel shows the distribution of 303 
range-retention values across species; the boxplot indicates the median and interquartile range, and the density 304 
curve shows the overall distribution. b)–e) The same relationship shown separately for strictly protected areas 305 
(IUCN I–III and biosphere reserve core zones), IUCN IV areas, IUCN V areas, and Natura 2000 Habitats Directive 306 
sites. Points represent species, lines show the fitted linear relationship, and the shaded band indicates the 95% 307 
confidence interval. Solid regression lines indicate significant relationships (p < 0.05). 308 

Local population dynamics inside and outside protected areas. Mean annualized cover 309 

changes of threatened plant species tended to be negative both inside and outside protected 310 

areas (Figure 2; Table S8), although the proportion of species with positive versus negative 311 

trends varied by protected-area category (Table S11). Paired within-species comparisons 312 

revealed no clear differences between protected and unprotected plots across protected-area 313 
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categories. However, the estimated contrasts were marginally significant for Natura 2000 sites 314 

(β = 0.009, 95% CI: −0.000–0.018, p = 0.051), suggesting that, within species, cover change 315 

was somewhat less negative inside Natura 2000 sites than outside. Wilcoxon signed-rank tests 316 

likewise indicated that cover change was slightly less negative inside than outside protected 317 

areas for Natura 2000 sites (p = 0.020; Table S10). These inside–outside differences were less 318 

pronounced when near-threatened species were excluded (Figure S5). A supplementary analysis 319 

using the unaveraged annualized cover changes in a hierarchical model (Table S12) showed no 320 

clear inside–outside differences; the marginal Natura 2000 contrast was not retained. Extending 321 

this model to include protected-area size indicated that size was not associated with cover 322 

change of threatened species (Table S17). 323 
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 324 

Figure 2. Within-species comparisons of mean relative annualized cover change inside versus outside of 325 
protected areas across Germany. Analyses include nationally red-listed species from categories 0–3, R, G, and 326 
V. a) Species-level mean annualized relative cover change in plots inside versus outside protected areas, 327 
considering all protected-area categories combined. b) Model-estimated inside–outside contrasts with 95% 328 
confidence intervals for each protected-area category; positive values indicate more positive cover change inside 329 
protected areas. Dashed confidence intervals indicate non-significant contrasts at α = 0.05, and the vertical dashed 330 
line denotes no difference. (c–f) Plot locations and corresponding within-species comparisons for the individual 331 
protected-area categories. Violin plots show the distribution of species-level mean cover changes; black points 332 
show estimated marginal means ± 95% confidence intervals from the linear mixed-effects models. n denotes the 333 
sample size, i.e., the number of species represented by at least five plots both inside and outside the respective 334 
protected-area category. Relative cover change is calculated as the annualized change in species cover divided by 335 
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each species' maximum observed cover within its time series (Methods), and is therefore a dimensionless, species-336 
normalized quantity, not a measure of absolute cover in percentage points. 337 

Colonization and extinction event counts differed among protected-area categories (Figure 3; 338 

Table S13). Colonization rates of threatened species (Table S15) were higher in strictly 339 

protected areas (IRR = 1.52, 95% CI: 1.01–2.29, p = 0.047) and Natura 2000 sites (IRR = 1.34, 340 

95% CI: 1.09–1.63, p = 0.005), corresponding to 52% and 34% higher expected colonization 341 

counts than in unprotected plots, respectively. No clear differences in colonization were 342 

detected between protected and unprotected plots for IUCN IV, IUCN V, or all protected areas 343 

combined. The odds of local extinction were clearly lower in IUCN IV areas (OR = 0.65, 95% 344 

CI: 0.48–0.88, p = 0.005) and Natura 2000 sites (OR = 0.64, 95% CI: 0.49–0.82, p < 0.001), 345 

corresponding to approximately 35% and 37% lower odds than in unprotected plots, 346 

respectively. In contrast, extinction odds were higher in IUCN V areas (OR = 1.32, 95% CI: 347 

1.00–1.75, p = 0.0496), while no clear differences were detected for strictly protected areas or 348 

all protected areas combined. Including near-threatened species resulted in significant positive 349 

associations between protection and colonization in additional protected-area categories (Table 350 

S16), although the positive association for strictly protected areas was no longer significant. 351 

Similarly, the reduced extinction observed in Natura 2000 sites was no longer evident (Figure 352 

S6; Tables S14-S16). A supplementary analysis found no consistent associations of protected 353 

area size with extinction and colonization rates (Table S18). 354 
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 355 

Figure 3. Plot-level colonization and extinction of threatened plant species (Red List categories 0-3, R, G) inside versus 356 
outside protected areas. Points show a) incidence rate ratios (IRR) for colonization and b) odds ratios (OR) for extinction, 357 
with horizontal lines indicating 95% confidence intervals. The dashed vertical line marks IRR/OR = 1 (no difference between 358 
protected and unprotected plots); values >1 indicate higher expected colonization counts or higher odds of final local extinction 359 
inside protected areas, whereas values <1 indicate the reverse. Dashed confidence intervals indicate non-significant differences 360 
at α = 0.05; n indicates the number of plots included in the respective colonization or extinction model. Effect ratios are plotted 361 
on a log10-transformed x-axis. Near-threatened species (V) were excluded from this analysis; see Figure S6 for results 362 
including near-threatened species. 363 

 364 

Discussion 365 

Our results provide mixed evidence for the effectiveness of protected areas in conserving 366 

threatened plant species. Species whose baseline ranges (1960-1987) were more extensively 367 

covered by protected areas retained more of their range over time (H1), although the effect was 368 

weak and significant only for stricter protected-area categories and Natura 2000 sites. Likewise, 369 

at the local scale, protected plots did not show universally more favorable population dynamics 370 



19 
 

(H2). Cover trends differed little between protected and unprotected plots, despite weak 371 

evidence for more positive cover trends in Natura 2000 sites, and were generally negative both 372 

inside and outside protected areas. Per contra, the odds of extinction of threatened species were 373 

clearly lower in the more actively managed Natura 2000 and IUCN IV (nature reserves) sites. 374 

The likelihood of colonization by a new threatened species was likewise higher in Natura 2000 375 

sites and in stricter protected areas. Given that Natura 2000 sites showed the most consistent 376 

favorable effects of protection, we find some support for the hypothesis that protection is most 377 

effective under more active management (H3). However, because the most widespread 378 

protection category in Germany, IUCN V (landscape protection areas), showed no detectable 379 

benefit for any metric studied, and in fact, showed increased extinction odds relative to outside 380 

protected areas, our findings also suggest global biodiversity targets focused on protected-area 381 

extent, like 30-by-30, whilst potentially benefiting other attributes of biodiversity, are not in 382 

themselves very safe targets for the conservation of native flora. 383 

Among the individual protected-area categories, Natura 2000 sites provided the clearest and 384 

most consistent evidence of benefits for threatened plants. Greater Natura 2000 coverage was 385 

associated with higher range retention, cover trends were marginally more positive inside than 386 

outside Natura 2000 sites, colonization was elevated, and local extinction odds were reduced. 387 

No other protection category showed favorable effects across both spatial scales and multiple 388 

measures of persistence. This convergence is consistent with our hypothesis that more actively 389 

managed protected areas (as Natura 2000 sites) are more effective at preserving threatened 390 

species. Although management practices vary considerably among Natura 2000 sites and 391 

primarily target species and habitats listed in the Annexes of the Directive, they aim to maintain 392 

specific habitat conditions and may therefore generate an umbrella effect that benefits 393 

threatened species beyond these explicit conservation targets (Van Der Sluis et al., 2016). The 394 

disappearance of the reduced-extinction signal when near-threatened species (Table S16) were 395 
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included is also consistent with benefits being concentrated among the more severely threatened 396 

species. More explicit integration of nationally threatened species into Natura 2000 397 

management could therefore further strengthen the network’s contribution to national and 398 

European biodiversity goals. 399 

Strictly protected areas and IUCN IV nature reserves showed more selective benefits. Strict 400 

protection was associated with greater range retention and increased colonization events of 401 

threatened species, but not with reduced local extinction counts or positive cover trends. The 402 

positive range-retention signal is somewhat surprising because many threatened plants in 403 

Germany occur in open ecosystems (Staude, Segar, et al., 2023), where strict non-intervention 404 

can promote succession, shading, and competitive exclusion. A purely “hands-off” mechanism 405 

therefore seems unlikely to explain the strict-protection signal. Instead, the extensive overlap 406 

among designation types may contribute to this pattern: 86% of strictly protected areas overlap 407 

with other protected-area designations, including 76% with Natura 2000 sites (Tables S3–S4), 408 

such that active management (e.g., extensive mowing, conservation grazing, or removal of 409 

encroaching woody vegetation) in overlapping areas may partly underlie the apparent benefit 410 

of strict protection (Ellerbrok et al., 2025). IUCN IV areas (nature reserves in Germany) showed 411 

almost the inverse pattern. Extinction odds were reduced, but there was no detectable benefit 412 

for range retention, colonization, or cover change. Their generally small size (median = 0.35 413 

km²; Notes S1; Figure S1) may leave populations exposed to edge effects and pressures 414 

originating outside reserve boundaries, such as nitrogen pollution and pesti- and insecticide 415 

inputs from surrounding agricultural land (Köthe et al., 2023). However, our supplementary 416 

analysis did not support a role of protected-area size in explaining local population dynamics 417 

of threatened flora (Table S18). 418 

The clearest counterpoint was provided by IUCN V areas (i.e. Landscape Protection Areas in 419 

Germany). Despite constituting the major share of Germany’s protected-area network, they 420 
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showed no detectable benefit for range retention, cover change, or colonization, while 421 

extinction odds were even higher than outside protected areas. This may partly reflect the 422 

purpose of this designation. IUCN V areas are intended to maintain landscapes shaped by long-423 

term interactions between people and nature (Dudley, 2008) and permit comparatively broad 424 

human use. Consequently, designation as IUCN V may say relatively little about whether the 425 

local habitat conditions required by threatened plants are maintained. However, higher 426 

extinction odds relative to unprotected plots do not imply that IUCN V areas perform worse 427 

than unprotected habitats more generally. Vegetation resurveys are typically conducted in sites 428 

that have remained sufficiently intact to be resurveyed, and unprotected plots may therefore 429 

underrepresent the full spectrum of human pressures outside protected areas (Gonzalez et al., 430 

2016). This site-selection bias could make the unprotected plots a particularly demanding 431 

counterfactual against which to detect benefits of protection. Nonetheless, the weak 432 

performance of this widespread category is relevant to area-based conservation targets. 433 

Increasing the extent of land under protection may make an important contribution to 434 

biodiversity conservation, but our results show that gains in protected-area coverage need not 435 

translate into improved persistence of threatened flora. 436 

Finally, even where protection was associated with more favorable outcomes, however, these 437 

effects remained modest. At the range scale, protected-area coverage explained only a very 438 

small fraction of the variation in range retention (R² = 0.09), indicating that protection is only 439 

one among many factors shaping long-term range dynamics. Range retention is shaped by many 440 

factors beyond protected-area coverage, and one likely source of the low explained variance is 441 

spatial heterogeneity in pressures across species’ ranges. Our analysis does not isolate 442 

protection from this variation, and species with similar levels of protection may therefore 443 

experience very different pressures across the unprotected portions of their ranges. Thus, greater 444 

protected-area representation appears to contribute to range retention but is clearly not a strong 445 
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predictor. At the local scale, threatened species generally declined in cover both inside and 446 

outside protected areas, including within the protection categories that otherwise showed the 447 

clearest benefits. Such widespread declines suggest that protected-area designation alone 448 

cannot shield populations from broader drivers of vegetation change, including atmospheric 449 

nitrogen deposition, climate change, and successional change following land-use abandonment 450 

(Lüttgert et al., 2025; Sanczuk et al., 2024; Staude, Weigelt, et al., 2023). Thus, while some 451 

protection regimes appear to improve some components of threatened-plant persistence, the 452 

overall evidence for their benefits was far from unequivocal. 453 

Conclusion 454 

Our study provides, to our knowledge, the first quantitative, cross-scale evaluation of how the 455 

German protected-area network relates to trends in threatened plant species. We do not find 456 

clear-cut evidence that protection universally increases the likelihood of persistence, although 457 

some benefits for threatened flora emerge in more actively managed and stricter protected sites. 458 

However, the absence of detectable benefits at either spatial scale for some of Germany’s most 459 

extensive protected-area categories suggests that area-based targets alone may overestimate 460 

conservation gains for threatened plants. As Germany and the EU pursue the 30-by-30 target, 461 

evaluating and improving the effectiveness of existing protected areas to sustain the diversity 462 

of native flora needs to accompany further expansion of the protected-area network. Restoration 463 

will also play a major role, alongside ex-situ conservation and, perhaps more provocatively, 464 

more participatory approaches to conserving declining native plants (Segar et al., 2022). 465 

Returning to the example from the Introduction for orchids that retain much of their range whilst 466 

declining locally: many hardy orchids are not so hard to propagate and cultivate but remain 467 

almost entirely excluded from nurseries (Tullock, 2005). More widespread ex-situ efforts, 468 

together with more creative use of native threatened plants in the spaces humans create, may be 469 
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important complements to the protection of historical native habitats and to sustaining plant 470 

persistence in a rapidly changing world.471 



24 
 

References 472 

Araújo, M. B., Lobo, J. M., & Moreno, J. C. (2007). The Effectiveness of Iberian Protected Areas in 473 

Conserving Terrestrial Biodiversity. Conservation Biology, 21(6), 1423–1432. 474 

https://doi.org/10.1111/j.1523-1739.2007.00827.x 475 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models Using lme4. 476 

Journal of Statistical Software, 67(1), 1–48. https://doi.org/10.18637/jss.v067.i01 477 

Brooks, M. E., Kristensen, K., Benthem, K. J. van, Magnusson, A., Berg, C. W., Nielsen, A., Skaug, H. J., 478 

Maechler, M., & Bolker, B. M. (2017). glmmTMB Balances Speed and Flexibility Among Packages 479 

for Zero-inflated Generalized Linear Mixed Modeling. The R Journal, 9(2), 378–400. 480 

https://doi.org/10.32614/RJ-2017-066 481 

Brown, J. A., Lockwood, J. L., Avery, J. D., Curtis Burkhalter, J., Aagaard, K., & Fenn, K. H. (2019). 482 

Evaluating the long-term effectiveness of terrestrial protected areas: A 40-year look at forest bird 483 

diversity. Biodiversity and Conservation, 28(4), 811–826. https://doi.org/10.1007/s10531-018-484 

01693-5 485 

Brown, M. J. M., Walker, B. E., Black, N., Govaerts, R., Ondo, I., Turner, R., & Lughadha, E. N. (2023). 486 

rWCVP: A companion R package to the World Checklist of Vascular Plants. New Phytologist, 487 

240(4), 1355–1365. https://doi.org/10.1111/nph.18919 488 

Cabeza, M. (2003). Habitat loss and connectivity of reserve networks in probability approaches to reserve 489 

design. Ecology Letters, 6(7), 665–672. https://doi.org/10.1046/j.1461-0248.2003.00475.x 490 

Cabeza, M., & Moilanen, A. (2001). Design of reserve networks and the persistence of biodiversity. Trends 491 

in Ecology & Evolution, 16(5), 242–248. https://doi.org/10.1016/S0169-5347(01)02125-5 492 

Conference of the Parties to the Convention on Biological Diversity. (2022). Kunming-Montreal Global 493 

Biodiversity Framework. Convention on Biological Diversity. 494 

https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf 495 



25 
 

Eichenberg, D., Bowler, D. E., Bonn, A., Bruelheide, H., Grescho, V., Harter, D., Jandt, U., May, R., Winter, 496 

M., & Jansen, F. (2021). Widespread decline in Central European plant diversity across six decades. 497 

Global Change Biology, 27(5), 1097–1110. https://doi.org/10.1111/gcb.15447 498 

Ellerbrok, J. S., Spatz, T., Braunisch, V., Strohbach, M., Haase, D., Januschke, K., Kaiser, J., Mehring, M., 499 

Wellmann, T., Bruelheide, H., Marx, J. M., Settele, J., Wirth, C., & Farwig, N. (2025). Most 500 

habitat’s and species’ assessments in German Natura 2000 sites reflect unfavourable conservation 501 

states. Basic and Applied Ecology. https://doi.org/10.1016/j.baae.2025.07.001 502 

Fox, J., & Weisberg, S. (2019). An R Companion to Applied Regression (Third). Sage. https://www.john-503 

fox.ca/Companion/ 504 

Friedrichs, M., Hermoso, V., Bremerich, V., & Langhans, S. D. (2018). Evaluation of habitat protection 505 

under the European Natura 2000 conservation network – The example for Germany. PLOS ONE, 506 

13(12), e0208264. https://doi.org/10.1371/journal.pone.0208264 507 

Gaston, K. J., Charman, K., Jackson, S. F., Armsworth, P. R., Bonn, A., Briers, R. A., Callaghan, C. S. Q., 508 

Catchpole, R., Hopkins, J., Kunin, W. E., Latham, J., Opdam, P., Stoneman, R., Stroud, D. A., & 509 

Tratt, R. (2006). The ecological effectiveness of protected areas: The United Kingdom. Biological 510 

Conservation, 132(1), 76–87. https://doi.org/10.1016/j.biocon.2006.03.013 511 

Gonzalez, A., Cardinale, B. J., Allington, G. R. H., Byrnes, J., Arthur Endsley, K., Brown, D. G., Hooper, D. 512 

U., Isbell, F., O’Connor, M. I., & Loreau, M. (2016). Estimating local biodiversity change: A 513 

critique of papers claiming no net loss of local diversity. Ecology, 97(8), 1949–1960. 514 

https://doi.org/10.1890/15-1759.1 515 

Govaerts, R., Nic Lughadha, E., Black, N., Turner, R., & Paton, A. (2021). The World Checklist of Vascular 516 

Plants, a continuously updated resource for exploring global plant diversity. Scientific Data, 8(1), 517 

215. https://doi.org/10.1038/s41597-021-00997-6 518 

Gray, C. L., Hill, S. L. L., Newbold, T., Hudson, L. N., Börger, L., Contu, S., Hoskins, A. J., Ferrier, S., 519 

Purvis, A., & Scharlemann, J. P. W. (2016). Local biodiversity is higher inside than outside 520 



26 
 

terrestrial protected areas worldwide. Nature Communications, 7(1), 12306. 521 

https://doi.org/10.1038/ncomms12306 522 

Gruber, B., Evans, D., Henle, K., Bauch, B., Schmeller, D. S., Dziock, F., Henry, P.-Y., Lengyel, S., 523 

Margules, C., & Dormann, C. (2012). “Mind the gap!” – How well does Natura 2000 cover species 524 

of European interest? Nature Conservation, 3, 45–62. 525 

https://doi.org/10.3897/natureconservation.3.3732 526 

Hallmann, C. A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., Stenmans, W., Müller, A., 527 

Sumser, H., Hörren, T., Goulson, D., & Kroon, H. de. (2017). More than 75 percent decline over 27 528 

years in total flying insect biomass in protected areas. PLOS ONE, 12(10), e0185809. 529 

https://doi.org/10.1371/journal.pone.0185809 530 

Heywood, V. H. (2019). Conserving plants within and beyond protected areas – still problematic and future 531 

uncertain. Plant Diversity, 41(2), 36–49. https://doi.org/10.1016/j.pld.2018.10.001 532 

Hill, M. O. (2012). Local frequency as a key to interpreting species occurrence data when recording effort is 533 

not known. Methods in Ecology and Evolution, 3(1), 195–205. https://doi.org/10.1111/j.2041-534 

210X.2011.00146.x 535 

Jandt, U., Bruelheide, H., Jansen, F., Bonn, A., Grescho, V., Klenke, R. A., Sabatini, F. M., Bernhardt-536 

Römermann, M., Blüml, V., Dengler, J., Diekmann, M., Doerfler, I., Döring, U., Dullinger, S., 537 

Haider, S., Heinken, T., Horchler, P., Kuhn, G., Lindner, M., … Wulf, M. (2022). More losses than 538 

gains during one century of plant biodiversity change in Germany. Nature, 611(7936), 512–518. 539 

https://doi.org/10.1038/s41586-022-05320-w 540 

Kallimanis, A. S., Touloumis, K., Tzanopoulos, J., Mazaris, A. D., Apostolopoulou, E., Stefanidou, S., Scott, 541 

A. V., Potts, S. G., & Pantis, J. D. (2015). Vegetation coverage change in the EU: Patterns inside and 542 

outside Natura 2000 protected areas. Biodiversity and Conservation, 24(3), 579–591. 543 

https://doi.org/10.1007/s10531-014-0837-9 544 

Keil, P., Pereira, H. M., Cabral, J. S., Chase, J. M., May, F., Martins, I. S., & Winter, M. (2018). Spatial 545 

scaling of extinction rates: Theory and data reveal nonlinearity and a major upscaling and 546 



27 
 

downscaling challenge. Global Ecology and Biogeography, 27(1), 2–13. 547 

https://doi.org/10.1111/geb.12669 548 

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest Package: Tests in Linear Mixed 549 

Effects Models. Journal of Statistical Software, 82(13), 1–26. https://doi.org/10.18637/jss.v082.i13 550 

Langhammer, P. F., Bull, J. W., Bicknell, J. E., Oakley, J. L., Brown, M. H., Bruford, M. W., Butchart, S. H. 551 

M., Carr, J. A., Church, D., Cooney, R., Cutajar, S., Foden, W., Foster, M. N., Gascon, C., 552 

Geldmann, J., Genovesi, P., Hoffmann, M., Howard-McCombe, J., Lewis, T., … Brooks, T. M. 553 

(2024). The positive impact of conservation action. Science, 384(6694), 453–458. 554 

https://doi.org/10.1126/science.adj6598 555 

Lenth, R. V. (2025). emmeans: Estimated Marginal Means, aka Least-Squares Means. https://CRAN.R-556 

project.org/package=emmeans 557 

Ludwig, G., Haupt, H., Gruttke, H., & Binot-Hafke, M. (2009). Methodik der Gefährdungsanalyse für Rote 558 

Listen. In Rote Liste gefährdeter Tiere, Pflanzen und Pilze Deutschlands (pp. 23–71). Bundesamt für 559 

Naturschutz. 560 

Maiorano, L., Amori, G., Montemaggiori, A., Rondinini, C., Santini, L., Saura, S., & Boitani, L. (2015). On 561 

how much biodiversity is covered in Europe by national protected areas and by the Natura 2000 562 

network: Insights from terrestrial vertebrates. Conservation Biology, 29(4), 986–995. 563 

https://doi.org/10.1111/cobi.12535 564 

McGillycuddy, M., Warton, D. I., Popovic, G., & Bolker, B. M. (2025). Parsimoniously Fitting Large 565 

Multivariate Random Effects in glmmTMB. Journal of Statistical Software, 112(1), 1–19. 566 

https://doi.org/10.18637/jss.v112.i01 567 

Metzing, D., Garve, E., & Matzke-Hajek, G. (2018). Rote Liste und Gesamtartenliste der Farn- und 568 

Blütenpflanzen (Tracheophyta) Deutschlands. In Rote Liste der gefährdeten Tiere, Pflanzen und 569 

Pilze Deutschlands. Band 7: Pflanzen (7th ed., Vol. 7, pp. 13–358). 570 



28 
 

Poschlod, P., & Bonn, S. (1998). Changing dispersal processes in the central European landscape since the 571 

last ice age: An explanation for the actual decrease of plant species richness in different habitats? 572 

Acta Botanica Neerlandica, 47(1), 27–44. 573 

Pressey, R. L., Humphries, C. J., Margules, C. R., Vane-Wright, R. I., & Williams, P. H. (1993). Beyond 574 

Opportunism: Key Principles for Systematic Reserve Selection. Trends in Ecology & Evolution, 575 

8(4), 124–128. 576 

Rada, S., Schweiger, O., Harpke, A., Kühn, E., Kuras, T., Settele, J., & Musche, M. (2019). Protected areas 577 

do not mitigate biodiversity declines: A case study on butterflies. Diversity and Distributions, 25(2), 578 

217–224. https://doi.org/10.1111/ddi.12854 579 

Rodrigues, A. S. L., Andelman, S. J., Bakarr, M. I., Boitani, L., Brooks, T. M., Cowling, R. M., Fishpool, L. 580 

D. C., da Fonseca, G. A. B., Gaston, K. J., Hoffmann, M., Long, J. S., Marquet, P. A., Pilgrim, J. D., 581 

Pressey, R. L., Schipper, J., Sechrest, W., Stuart, S. N., Underhill, L. G., Waller, R. W., … Yan, X. 582 

(2004). Effectiveness of the global protected area network in representing species diversity. Nature, 583 

428(6983), 640–643. https://doi.org/10.1038/nature02422 584 

Rodrigues, A. S. L., & Cazalis, V. (2020). The multifaceted challenge of evaluating protected area 585 

effectiveness. Nature Communications, 11(1), 5147. https://doi.org/10.1038/s41467-020-18989-2 586 

Scott, J. M., Davis, F., Csuti, B., Noss, R., Butterfield, B., Groves, C., Anderson, H., Caicco, S., D’Erchia, 587 

F., Edwards, T. C., Ulliman, J., & Wright, R. G. (1993). Gap Analysis: A Geographic Approach to 588 

Protection of Biological Diversity. Wildlife Monographs, (123), 3–41. 589 

Segar, J., Callaghan, C. T., Ladouceur, E., Meya, J. N., Pereira, H. M., Perino, A., & Staude, I. R. (2022). 590 

Urban conservation gardening in the decade of restoration. Nature Sustainability, 5(8), 649–656. 591 

https://doi.org/10.1038/s41893-022-00882-z 592 

Staude, I. R., Segar, J., Temperton, V. M., Andrade, B. O., de Sá Dechoum, M., Weidlich, E. W. A., & 593 

Overbeck, G. E. (2023). Prioritize grassland restoration to bend the curve of biodiversity loss. 594 

Restoration Ecology, 31(5), e13931. https://doi.org/10.1111/rec.13931 595 



29 
 

Steinbauer, M. J., Grytnes, J.-A., Jurasinski, G., Kulonen, A., Lenoir, J., Pauli, H., Rixen, C., Winkler, M., 596 

Bardy-Durchhalter, M., Barni, E., Bjorkman, A. D., Breiner, F. T., Burg, S., Czortek, P., Dawes, M. 597 

A., Delimat, A., Dullinger, S., Erschbamer, B., Felde, V. A., … Wipf, S. (2018). Accelerated 598 

increase in plant species richness on mountain summits is linked to warming. Nature, 556(7700), 599 

231–234. https://doi.org/10.1038/s41586-018-0005-6 600 

Trochet, A., & Schmeller, D. (2013). Effectiveness of the Natura 2000 network to cover threatened species. 601 

Nature Conservation, 4, 35–53. https://doi.org/10.3897/natureconservation.4.3626 602 

Tullock, J. (2005). Growing Hardy Orchids. Timber Press. 603 

UNEP-WCMC and IUCN. (2024). Protected Planet Report 2024. https://digitalreport.protectedplanet.net 604 

Verheyen, K., Bažány, M., Chećko, E., Chudomelová, M., Closset-Kopp, D., Czortek, P., Decocq, G., De 605 

Frenne, P., De Keersmaeker, L., Enríquez García, C., Fabšičová, M., Grytnes, J.-A., Hederová, L., 606 

Hédl, R., Heinken, T., Schei, F. H., Horváth, S., Jaroszewicz, B., Jermakowicz, E., … Baeten, L. 607 

(2018). Observer and relocation errors matter in resurveys of historical vegetation plots. Journal of 608 

Vegetation Science, 29(5), 812–823. https://doi.org/10.1111/jvs.12673 609 

Wauchope, H. S., Jones, J. P. G., Geldmann, J., Simmons, B. I., Amano, T., Blanco, D. E., Fuller, R. A., 610 

Johnston, A., Langendoen, T., Mundkur, T., Nagy, S., & Sutherland, W. J. (2022). Protected areas 611 

have a mixed impact on waterbirds, but management helps. Nature, 605(7908), 103–107. 612 

https://doi.org/10.1038/s41586-022-04617-0 613 

Williams, P. H., & Araújo, M. B. (2002). Apples, Oranges, and Probabilities: Integrating Multiple Factors 614 

into Biodiversity Conservation with Consistency. Environmental Modeling & Assessment, 7(2), 139–615 

151. https://doi.org/10.1023/A:1015657917928 616 

Winkler, K., Fuchs, R., Rounsevell, M., & Herold, M. (2021). Global land use changes are four times greater 617 

than previously estimated. Nature Communications, 12(1), 2501. https://doi.org/10.1038/s41467-618 

021-22702-2 619 



30 
 

Xavier da Silva, M., Paviolo, A., Tambosi, L. R., & Pardini, R. (2018). Effectiveness of Protected Areas for 620 

biodiversity conservation: Mammal occupancy patterns in the Iguaçu National Park, Brazil. Journal 621 

for Nature Conservation, 41, 51–62. https://doi.org/10.1016/j.jnc.2017.11.001 622 

 623 



1 

 

Supplementary Material for 1 

Mixed evidence that protected areas slow declines of threatened plant species in 2 

Germany 3 

Contents 4 

Supplementary Notes ............................................................................................................... 3 5 

Notes S1: Additional notes on protected area categories ....................................................... 3 6 

Notes S2: Additional notes on range-scale analses ................................................................ 4 7 

Notes S3: Additional notes on plot-level analyses ................................................................. 5 8 

S3.1 Plot assignment and protected-area overlap .............................................................. 5 9 

S3.2 Sensitivity analyses of cover change. ........................................................................ 5 10 

S3.3 Plot-level colonization and extinction. ...................................................................... 5 11 

S3.4 Protected area size analyses. ...................................................................................... 5 12 

Supplementary Tables ............................................................................................................. 7 13 

Table S1: Summary and description of the data sources used. .............................................. 7 14 

Table S2: German Red List categories for vascular plants and their IUCN equivalent. ....... 8 15 

Table S3: Pairwise spatial overlap among protected-area categories within Germany. ........ 9 16 

Table S4: Summary of protected-area coverage within Germany’s terrestrial area. ........... 10 17 

Table S5: Number of species per German Red List category (Metzing et al., 2018) included 18 

in the range-persistence analysis. ......................................................................................... 11 19 

Table S6: Association between occurrence-probability-weighted protected area coverage 20 

and range retention of nationally red-listed plant species, compared across two time 21 

intervals. ............................................................................................................................... 12 22 

Table S7: Number of protected area types intersecting each plot and resulting number of 23 

plot x species x interval records after spatial join. ............................................................... 14 24 

Table S8: Estimated marginal means and contrasts for species-specific mean annual 25 

relative cover change inside vs. outside five protected area categories ............................... 15 26 

Table S9: Sample sizes for the species-level cover change analysis per protected area 27 

category. ............................................................................................................................... 16 28 

Table S10: Wilcoxon signed-rank test results comparing species-level mean annual relative 29 

cover change (per year) between plots inside and outside protected areas. ......................... 17 30 

Table S11: Direction of species-level mean annual relative cover-change trends inside 31 

protected areas, by protected area category. ........................................................................ 18 32 

Table S12: Estimated contrasts and sample sizes for species × plot-level mean annual 33 

relative cover change inside versus outside five protected-area categories ......................... 19 34 

Table S13: Summary of plot-level colonization and final-extinction datasets for the 35 

analysis excluding near-threatened species (Red List category V). ..................................... 20 36 



2 

 

Table S14: Summary of plot-level colonization and final-extinction datasets for the 37 

sensitivity analysis including near-threatened species (Red List category V). .................... 21 38 

Table S15: Protection-status effects on plot-level colonization and final local extinction of 39 

threatened plant species, excluding near-threatened species (Red List category V). .......... 22 40 

Table S16: Protection-status effects on plot-level colonization and final local extinction of 41 

threatened plant species including near-threatened species (Red List category V). ............ 23 42 

Table S17: Effect of protected-area size on annual relative cover change within protected 43 

areas. .................................................................................................................................... 24 44 

Table S18: Effect of protected-area size on plot-level colonization and extinction within 45 

each protected-area category. ............................................................................................... 25 46 

Supplementary Figures ......................................................................................................... 26 47 

Figure S1: Size distribution of protected areas in Germany. ............................................... 26 48 

Figure S2: Relationship between red-listed plant species’ baseline range size (log(SOPT1)) 49 

and the occurrence-probability-weighted protected range share. ........................................ 27 50 

Figure S3: Effect of protected area coverage on baseline range retention between T1 51 

(1960-1987) and T3 (1997-2017) of red listed plant species in Germany including Red List 52 

category V (near-threatened species). .................................................................................. 28 53 

Figure S4: Effect of protected area coverage on baseline range retention between T2 54 

(1988-1996) and T3 (1997-2017) of red listed plant species in Germany. .......................... 29 55 

Figure S5: Model-estimated contrasts of within-species comparisons of mean annualized 56 

cover changes inside versus outside of protected areas across Germany ............................ 30 57 

Figure S6: Incidence rate ratios (IRRs) for colonization and odds ratios (ORs) for 58 

extinction of Red List plant species (including near-threatened species), inside versus 59 

outside protected areas. ........................................................................................................ 31 60 

References ............................................................................................................................... 32 61 

 62 

  63 



3 

 

Supplementary Notes 64 

Notes S1: Additional notes on protected area categories 65 

Protected-area data were downloaded from the WDPA in January 2025. The terrestrial 66 

protected area polygons included in our spatial analysis belong to a variety of designation 67 

categories, i.e. one Wilderness area (corresponding to IUCN Ib), national parks (IUCN II), 68 

natural monuments (IUCN III), nature reserves (IUCN IV), landscape protection areas (IUCN 69 

V), Biosphere reserves (split up into Core-, Buffer-, and Transition-Zones), Natura 2000 Birds-70 

Directive sites (79/409/EEC; a Directive for the Conservation of Wild Birds), Natura 2000 71 

Habitats Directive sites (92/43/EEC; a Directive on the Conservation of Natural Habitats and 72 

Wild Fauna and Flora), Ramsar Sites, Baltic Sea Protected Areas (HELCOM; the terrestrial 73 

over-laps) and World Heritage Sites. For the category-specific analyses, IUCN categories I-III 74 

and biosphere reserve core zones were grouped as “strict protection” because of their limited 75 

spatial extent in Germany and their shared emphasis on minimizing human intervention. 76 

Polygon-based National Natural Monuments (Nationale Naturmonumente) were retained and 77 

grouped with strict protection because they are substantially larger (median 8.8 km² vs. 0.35 78 

km² for IUCN IV) and primarily managed for non-intervention (§24(4) BNatSchG).  79 

  80 
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Notes S2: Additional notes on range-scale analses  81 

Occurrence records were provided in geographic coordinates (WGS84) as grid cell centroids 82 

and linked to the corresponding MTBQ grid-cell geometries using their unique MTBQ 83 

identifiers. MTBQ polygons were obtained from the Recorder 6 resource portal (Table S1) and 84 

processed in ETRS89 / UTM zone 32N (EPSG:25832). Because some MTBQ cells extend 85 

beyond Germany's national boundary and corresponding protected-area information was 86 

unavailable for areas outside Germany, analyses were restricted to the 11,030 grid cells whose 87 

centroids were located within Germany. 88 

Historical urban cover was obtained from the HILDA+ database (Winkler et al., 2021; Table 89 

S1) for 1960, corresponding to the baseline period of the occurrence data, and spatially 90 

intersected with the MTBQ grid. This excluded 511 cells (16,661 km²; 4.6% of the total MTBQ 91 

area), leaving 10,519 grid cells for the range-scale analyses. 92 

Anagallis tenella (Red List category 2) had a summed occurrence probability of zero at T3 93 

within its baseline range, resulting in a non-finite log-ratio. Minuartia austriaca (Red List 94 

category R) had no detectable occurrence probability at baseline and therefore fell outside the 95 

scope of the baseline-retention analysis. Rhinanthus serotinus was already excluded during the 96 

data processing pipeline, as the species had conflicting occurrence probability records in the 97 

raw data. The final range-persistence analysis therefore comprised 860 nationally red-listed 98 

species (when including near-threatened species; Red List category V); of these, 658 species 99 

belonging to Red List categories 0–3 and R were retained for the main analysis, which excludes 100 

category V.  101 
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Notes S3: Additional notes on plot-level analyses 102 

S3.1 Plot assignment and protected-area overlap. Plot coordinates (WGS84, EPSG:4326) 103 

were converted to spatial points, reprojected to ETRS89 / UTM zone 32N (EPSG:25832), and 104 

spatially joined with WDPA polygons. Because individual plots could intersect multiple WDPA 105 

polygons, the spatial join could produce multiple records per plot × species × survey interval 106 

combination. We therefore collapsed polygon-level information to the plot level and created 107 

separate binary indicators for strict protection, IUCN IV, IUCN V, Natura 2000 and all 108 

protected areas. Plots could belong to more than one focal category, if these protected area 109 

categories were overlapping, whereas plots classified as “outside” were required not to intersect 110 

any protected area (Table S7). 111 

S3.2 Sensitivity analyses of cover change. To assess the robustness of the species-level cover-112 

change results, we conducted three complementary analyses. First, we repeated the inside-113 

outside comparisons using paired Wilcoxon signed-rank tests as a non-parametric sensitivity 114 

analysis (Table S10). Second, we repeated the species-level mixed-effects models after 115 

excluding near-threatened species (Red List category V; Figure S5). Third, we retained the 116 

species × plot-level mean annualized cover changes rather than averaging them further to one 117 

inside and one outside value per species. Because these plot-level values showed strong 118 

deviations from Gaussian model assumptions and included influential extreme observations, 119 

we analyzed them using robust linear mixed-effects models fitted with the robustlmm package 120 

(Koller, 2016). Protection status (inside vs. outside) was included as a fixed effect, with random 121 

intercepts for species, ReSurvey project, and plot. Robust estimation reduces the influence of 122 

observations with large residuals without removing them from the analysis. The variance of the 123 

plot random intercept was estimated at zero in all models; it was nevertheless retained to keep 124 

the random-effect structure identical across protected-area categories. Species were restricted 125 

to the same sets used in the corresponding main species-level comparisons, i.e. species 126 

represented by at least five distinct plots both inside and outside the respective protected-area 127 

category.S3.3 Plot-level colonization and extinction. For the main analysis, we excluded near-128 

threatened species (Red List category V) and retained species assigned to categories 0-3, R and 129 

G; analyses including category V were conducted as a sensitivity analysis (Figure S6; Tables 130 

S14, S16). Following Jandt et al. (2022), we treated observed transitions between presence and 131 

absence as ecologically meaningful because resurveys were conducted by experienced 132 

vegetation scientists. 133 

S3.4 Protected area size analyses. To test whether local population dynamics varied with 134 

protected-area size, we conducted additional analyses restricted to plots located inside the 135 

respective protected area category. For cover change, annualized relative cover changes were 136 

first averaged across survey intervals within each species × plot combination and then analyzed 137 

using linear mixed-effects models with log-transformed and centered protected-area size as 138 

predictor and random intercepts for species, plot, and protected-area identity. Colonization was 139 

analyzed at the plot level using negative-binomial GLMMs, whereas final local extinction was 140 

analyzed using binomial GLMMs based on the number of final extinctions relative to the 141 

number of species at risk. Event models additionally included plot area and total survey 142 
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duration as covariates and resurvey project and protected-area identity as random intercepts 143 

(Tables S17–S18). 144 

 145 
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Supplementary Tables 

Table S1: Summary and description of the data sources used. 

Data Variables used in our analysis Dataset details Resolution Authors URL 

Occurrence 

Probabilities 

across Germany  

Occurrence probabilities  Raster-based species 

occurrence probability time 

series (1960-2017) 

Germany-wide; 25 

km2 

Eichenberg et al. 

2021 

https://doi.org/10.1111/gcb.15447; 

https://idata.idiv.de/ddm/Data/ShowData/1875?version=9  

ReSurvey 

Germany; 

vegetation plot 

resurvey data for 

Germany 

Species cover change, plot ID, 

year, coordinates, project ID, 

colonization/extinction 

information 

Plot-based vegetation survey 

time series (1927-2020; 

repeated resurveys), 1 - 53 

resurvey intervals per plot 

(median = 1) 

Germany-wide; 

point locations (1-

1000 m² plots) 

Jandt et al. 2022 https://doi.org/10.1038/s41586-022-05320-w; 

https://github.com/idiv-

biodiversity/ReSurveyGermany_Analysis/blob/main/Suppl

ementaryCode1.txt; 

https://idata.idiv.de/ddm/data/Showdata/3514  

HILDA+ v1.0 

(HIstoric Land 

Dynamics 

Assessment +) 

Urban areas Time-series raster data (1960-

2019) 

Global; 1 km2 Winkler et al. 

2021 

https://doi.pangaea.de/10.1594/PANGAEA.921846?format

=html#download 

World Database 

on Protected 

Areas (WDPA)  

Protected areas polygons Vector polygons; time-

stamped (designation years) 

Global and national; 

shapefiles 

UNEP-WCMC 

& IUCN 2024 

https://www.protectedplanet.net/DEU (accessed in January 

2025)  

Recorder 6 

MTBQ Grid 

MTBQ grid in WGS84 

(EPSG:4326) for Germany 

12,024 Grid-cells as one 

vector polygon (11,030 fully 

within German borders) 

Germany-wide; 25 

km2 

Zentrum für 

Bio-

dokumentation 
 

http://www.recorder-

d.de/index.php/downloads/viewdownload/8-

rastergrenzen/15-mtb-raster-deutschland-wgs84-

shapeformat  

Red List 

Germany 

German Red List category in 

2018 

List of vascular plants and 

their threat status in 2018 

Germany-wide Metzing et al., 

(2018) 

https://www.floraweb.de/downloads.html  

https://doi.org/10.1111/gcb.15447
https://idata.idiv.de/ddm/Data/ShowData/1875?version=9
https://doi.org/10.1038/s41586-022-05320-w
https://github.com/idiv-biodiversity/ReSurveyGermany_Analysis/blob/main/SupplementaryCode1.txt
https://github.com/idiv-biodiversity/ReSurveyGermany_Analysis/blob/main/SupplementaryCode1.txt
https://github.com/idiv-biodiversity/ReSurveyGermany_Analysis/blob/main/SupplementaryCode1.txt
https://idata.idiv.de/ddm/data/Showdata/3514
https://www.protectedplanet.net/DEU
http://www.recorder-d.de/index.php/downloads/viewdownload/8-rastergrenzen/15-mtb-raster-deutschland-wgs84-shapeformat
http://www.recorder-d.de/index.php/downloads/viewdownload/8-rastergrenzen/15-mtb-raster-deutschland-wgs84-shapeformat
http://www.recorder-d.de/index.php/downloads/viewdownload/8-rastergrenzen/15-mtb-raster-deutschland-wgs84-shapeformat
http://www.recorder-d.de/index.php/downloads/viewdownload/8-rastergrenzen/15-mtb-raster-deutschland-wgs84-shapeformat
https://www.floraweb.de/downloads.html
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Table S2: German Red List categories for vascular plants and their IUCN equivalent. Categories 

are based on the national Red List for Germany (Metzing et al. 2018) as proposed by the German Federal 

Nature Conservation Agency (BfN). 

RL categories Definition Approx. IUCN 

equivalent 

0 No wild population remains within the assessed 

geographical area. 

RE (Regionally Extinct) 

1 At extremely high risk of extinction in the near future 

without effective conservation action. 

CR (Critically 

Endangered) 

2 Strong population decline or severe ongoing or anticipated 

threats indicate a very high risk of extinction. 

EN (Endangered) 

3 Marked population decline or other substantial threats 

indicate a high risk of extinction. 

VU (Vulnerable) 

G Clearly threatened, but available information is 

insufficient to assign the species reliably to categories 1–3. 

No direct equivalent 

R Very rare or geographically restricted, but without 

evidence of a substantial current decline. 

No direct equivalent 

V Declining or exposed to threats but not currently meeting 

the criteria for categories 1–3. 

NT (Near Threatened) 
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Table S3: Pairwise spatial overlap among protected-area categories within Germany. Percentages 

are calculated relative to the focal category in each row. Percentages are asymmetric as for example, a 

large proportion of strict protected areas may overlap with Natura 2000 sites, while only a small 

proportion of Natura 2000 sites overlaps with strict protected areas. Row values are not additive because 

areas may overlap with multiple protected-area groups. 

 

  

Category Area (km²) Overlaps with Shared area (km²) % of focal group 

IUCN IV 13,708 Natura 2000  10,577 77.2 
  

IUCN V 3,995 29.1 
  

Strict protection 362 2.6 

IUCN V 98,181 Natura 2000  13,843 14.1 
  

IUCN IV 3,995 4.1 
  

Strict protection 712 0.7 

Natura 2000  32,117 IUCN V 13,843 43.1 
  

IUCN IV 10,577 32.9 
  

Strict protection 1,813 5.7 

Strict protection 2,374 Natura 2000  1,813 76.4 
  

IUCN V 712 30 
  

IUCN IV 362 15.3 
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Table S4: Summary of protected-area coverage within Germany’s terrestrial area. Shown are the 

total area (km²) and percentage of the analysis area covered by each protected-area group, as well as 

the proportion of each group overlapping with other protected areas. 

Category Area (km2) % of area % total shared area 

Strict protection 2373.65 0.7 85.95 

IUCN IV 13708.4 4.02 81.35 

Natura 2000  32116.78 9.41 68.96 

IUCN V 98181.15 28.76 14.86 
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Table S5: Number of species per German Red List category (Metzing et al., 2018) included in the 

range-persistence analysis. Anagallis tenella and Minuartia austriaca were excluded because range 

retention could not be calculated for these species, resulting in a final sample of 860 species. See Table 

S2 for full Red List category definitions. 

RL category Definition (short) n species 

0 Extinct 5 

1 Critically endangered 66 

2 Endangered 220 

3 Vulnerable 302 

G Threat of unknown extent 0 

R Extremely rare 65 

V Near threatened 202 

Total  860 
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Table S6: Association between occurrence-probability-weighted protected area coverage and 

range retention of nationally red-listed plant species, compared across two time intervals. Range 

retention was modelled as log(SOP_end / SOP_start) as a function of the proportion of a species' range 

covered by the respective protected area category (expressed as a percentage) and of baseline range 

size, fitted as separate linear models per category. Baseline cells are those with a non-zero occurrence 

probability at the start of the respective interval, so the T1-T3 models use OP_T1 > 0 and log(SOP_T1), 

and the T2-T3 models use OP_T2 > 0 and log(SOP_T2). Intervals differ in length and in baseline, so 

coefficients are not directly comparable on a per-year basis; the comparison concerns the presence and 

direction of associations rather than their absolute size. Both model terms are reported; R² refers to the 

full model. For both intervals, results are shown for the species set excluding (main analysis) and 

including (sensitivity analysis) IUCN category V (Near Threatened) species, labelled “without V” and 

“with V” blocks, respectively below. Bold indicates p < 0.05 for the protected range predictor. 
 

 Category Term β se 95% CI  p  R2 

T1-T3 

(n= 658) 

Without V  

All  log(SOP_T1) -0.0708 0.013 -0.097 - -0.0446 <0.001 0.089 

range protected 0.0062 0.002 0.002 - 0.0103 0.004 0.089 

Strict   log(SOP_T1) -0.0648 0.013 -0.0894 - -0.0401 <0.001 0.115 

range protected 0.0184 0.003 0.0116 - 0.0252 <0.001 0.115 

IUCN IV  log(SOP_T1) -0.095 0.013 -0.1207 - -0.0694 <0.001 0.079 

range protected -0.0035 0.003 -0.009 - 0.0019 0.205 0.079 

IUCN V  log(SOP_T1) -0.0882 0.012 -0.1118 - -0.0647 <0.001 0.077 

range protected -0.0008 0.003 -0.0059 - 0.0042 0.741 0.077 

Natura 2000  log(SOP_T1) -0.0661 0.014 -0.0933 - -0.0389 <0.001 0.09 

range protected 0.0069 0.002 0.0026 - 0.0111 0.002 0.09 

T1-T3 

(n= 860) 

With V  

All  log(SOP_T1) -0.0335 0.01 -0.0529 - -0.0141 <0.001 0.051 

range protected 0.0074 0.002 0.0037 - 0.0112 <0.001 0.051 

Strict   log(SOP_T1) -0.0296 0.009 -0.0481 - -0.0111 0.002 0.076 

range protected 0.0201 0.003 0.0138 - 0.0264 <0.001 0.076 

IUCN IV log(SOP_T1) -0.0527 0.01 -0.0722 - -0.0331 <0.001 0.034 

range protected -0.002 0.003 -0.0071 - 0.0031 0.443 0.034 

IUCN V  log(SOP_T1) -0.0498 0.009 -0.0677 - -0.0319 <0.001 0.034 

range protected 0.0007 0.002 -0.0038 - 0.0053 0.751 0.034 

Natura 2000 log(SOP_T1) -0.0276 0.01 -0.0481 - -0.0071 0.008 0.053 

range protected 0.0083 0.002 0.0044 - 0.0122 <0.001 0.053 

T2-T3 

(n= 653) 

Without V  

All  log(SOP_T2) -0.0536 0.01 -0.0735 - -0.0337 <0.001 0.056 

range protected 0.0013 0.002 -0.0018 - 0.0044 0.409 0.056 

Strict   log(SOP_T2) -0.0341 0.009 -0.0526 - -0.0156 <0.001 0.13 

range protected 0.0222 0.003 0.0164 - 0.028 <0.001 0.13 

IUCN IV  log(SOP_T2) -0.0702 0.01 -0.0899 - -0.0506 <0.001 0.071 

range protected -0.0069 0.002 -0.011 - -0.0029 0.001 0.071 

IUCN V  log(SOP_T2) -0.0568 0.009 -0.075 - -0.0386 <0.001 0.057 

range protected -0.0023 0.002 -0.0062 - 0.0016 0.241 0.057 

Natura 2000  log(SOP_T2) -0.0485 0.01 -0.0691 - -0.0279 <0.001 0.059 

range protected 0.0029 0.002 -0.0004 - 0.0061 0.084 0.059 

T2-T3 

(n= 855) 

With V 

All  log(SOP_T2) -0.0342 0.007 -0.0483 - -0.0201 <0.001 0.04 

range protected 0.0021 0.001 -0.0006 - 0.0048 0.132 0.04 

Strict   log(SOP_T2) -0.0203 0.007 -0.0335 - -0.007 0.003 0.114 

range protected 0.0229 0.003 0.0176 - 0.0281 <0.001 0.114 

IUCN IV  log(SOP_T2) -0.0476 0.007 -0.0618 - -0.0334 <0.001 0.049 

range protected -0.006 0.002 -0.0096 - -0.0023 0.001 0.049 
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IUCN V  log(SOP_T2) -0.0379 0.007 -0.0511 - -0.0248 <0.001 0.038 

range protected -0.0011 0.002 -0.0045 - 0.0023 0.520 0.038 

Natura 2000  log(SOP_T2) -0.0299 0.008 -0.0447 - -0.0151 <0.001 0.043 

range protected 0.0034 0.002 0.0006 - 0.0063 0.019 0.043 
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Table S7: Number of protected area types intersecting each plot and resulting number of plot x 

species x interval records after spatial join. 

 

  

Number of overlapping 

protected area types 

Number of plots Number of species x plot x 

interval records 

0 3320 129,846 

1 1891 174,666 

2 1407 93,844 

3 652 24,692 

4 360 27,168 

5 96 7,677 

6 12 418 
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Table S8: Estimated marginal means and contrasts for species-specific mean annual relative cover 

change inside vs. outside five protected area categories, derived from linear mixed models with 

species as random intercept. EMM = estimated marginal mean with 95% confidence interval. Contrasts 

represent the difference in EMMs (inside minus outside) and serve as effect size estimates. Positive 

values indicate smaller declines or greater increases inside protected areas. CI = 95% confidence 

interval of the contrast. p < 0.05 indicates a statistically significant effect. 

Category EMM Contrast 95% CI p 

 Outside Inside    

All -0.013 [-0.019, -0.006] -0.005 [-0.012, 0.001] 0.007 [-0.001, 0.015] 0.079 

Strict -0.010 [-0.042, 0.023] -0.017 [-0.050, 0.016] -0.007 [-0.055, 0.039] 0.740 

IUCN IV -0.010 [-0.018, -0.003] -0.006 [-0.013, 0.001] 0.004 [-0.005, 0.014] 0.381 

IUCN V -0.011 [-0.018, -0.004] -0.003 [-0.010, 0.003] 0.007 [-0.001, 0.016] 0.084 

Natura 2000 -0.011 [-0.018, -0.004] -0.002 [-0.009, 0.005] 0.009 [-0.000, 0.018] 0.051 
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Table S9: Sample sizes for the species-level cover change analysis per protected area category. 

Relative cover change was first annualized by dividing by the number of survey years per interval. 

These annualized values were then averaged across all resurvey intervals within each plot, yielding one 

plot mean per species x plot combination. Plot means were subsequently averaged across plots within 

each species and plot location (inside/outside protected areas), serving as the response variable in the 

linear mixed models. n species = number of species with at least five plot means on both sides of the 

comparison; n plot means inside/outside = total number of species x plot combinations contributing to 

the analysis per side. "Outside" refers in all scenarios to plots located outside any protected area. 

Category n species n plot means  n plots 

  Inside Outside Inside Outside 

All 147 15051 4709 2710 1243 

Strict 19 332 487 89 303 

IUCN IV 131 8816 4514 1369 1215 

IUCN V 133 10695 4582 1704 1233 

Natura 2000 140 11568 4561 1856 1238 
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Table S10: Wilcoxon signed-rank test results comparing species-level mean annual relative cover 

change (per year) between plots inside and outside protected areas. n species = number of species 

meeting the minimum plot threshold (≥5 plots per side). The pseudo-median (median of all possible 

pairwise differences) represents the estimated median difference in mean annual cover change (inside 

minus outside). V = Wilcoxon test statistic. CI = 95% confidence interval of the pseudo-median. 

Category n species V-statistic Pseudo-median 95% CI p 

All  147 6402 0.006 [0.0007; 0.0121] 0.029 

Strict 19 117 0.018 [-0.0624; 0.0403] 0.387 

IUCN IV 131 4985 0.005 [-0.0014; 0.0116] 0.129 

IUCN V 133 5010 0.005 [-0.0018; 0.0119] 0.159 

Natura 2000 140 5970 0.007 [0.0012; 0.0144] 0.020 
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Table S11: Direction of species-level mean annual relative cover-change trends inside protected 

areas, by protected area category. n species = number of species meeting the minimum plot threshold 

(≥5 plots inside and ≥5 outside; see Methods). ↑ inside PA / ↓ inside PA = number (%) of species with 

a positive/negative mean annual relative cover-change estimate inside the respective category; species 

with an estimate of exactly zero are not counted in either column, which is why counts do not sum to n 

species for All PAs, IUCN V, and Natura 2000. Less negative inside PA = number (%) of species for 

which the inside estimate exceeded (i.e., was less negative than) the matched outside estimate, 

regardless of the sign of either value. Note that this is not equivalent to a positive trend inside. Species 

of Red List categories 0-3, R, G and V are included. 

Category n species ↑ inside PA ↓ inside PA less negative inside PA 

All 147 55 (37.4%) 91 (61.9%) 85 (57.8%) 

Strict 19 14 (73.7%) 5 (26.3%) 13 (68.4%) 

IUCN IV 131 59 (45%) 72 (55%) 74 (56.5%) 

IUCN V 133 49 (36.8%) 83 (62.4%) 68 (51.1%) 

Natura 2000 140 65 (46.4%) 74 (52.9%) 82 (58.6%) 
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Table S12: Estimated contrasts and sample sizes for species × plot-level mean annual relative 

cover change inside versus outside five protected-area categories, derived from robust linear mixed-

effects models with species, ReSurvey project, and plot identity as random intercepts. Contrasts 

represent the inside-minus-outside difference and serve as effect-size estimates; positive values indicate 

more positive cover changes inside protected areas. Wald 95% confidence intervals (CIs) and normal-

approximation p-values were calculated from the robust coefficient estimates and their standard errors. 

Values of p < 0.05 indicate a statistically significant inside–outside difference. Robust estimation was 

used because plot-level cover changes showed strong deviations from Gaussian residual assumptions 

and contained influential extreme observations, partly reflecting complete local disappearances and new 

colonization events that could produce relative cover changes at or near -1 and +1. Robust estimation 

reduces the influence of observations with large residuals without excluding them from the analysis. 

  

Category n species n species 

x plot 

means 

n 

plots 

β SE 95% CI p 

All PAs 147 19760 3953 -0.0012 0.0009 [-0.0031, 0.0006] 0.198 

Strict 19 819 392 0.0059 0.0076 [-0.0090, 0.0209] 0.437 

IUCN IV 131 13330 2584 0.0013 0.0015 [-0.0016, 0.0043] 0.377 

IUCN V 133 15277 2937 -0.0019 0.0011 [-0.0040, 0.0002] 0.072 

Natura 2000 140 16129 3094 0.0003 0.0012 [-0.0021, 0.0026] 0.813 
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Table S13: Summary of plot-level colonization and final-extinction datasets for the analysis 

excluding near-threatened species (Red List category V). Panel A reports the number of plots, total 

number of survey intervals, total retained colonization events, and median total survey duration per plot 

for each inside–outside comparison. Panel B reports the corresponding number of plots and survey 

intervals for the final-extinction analysis, together with the total number of unique threatened species 

at risk of final local extinction and the number experiencing final extinction. Species were considered 

at risk if they were present at the beginning of at least one observed survey interval and were counted 

at most once per plot. Survey duration was calculated as the sum of all interval lengths per plot before 

taking the median across plots. 

Panel A      

Category location n  

plots 

total n intervals total col median years 

All   outside 513 717 226 24 

inside 1793 4468 1878 23 

Strict  outside 513 717 226 24 

inside 81 148 230 15 

IUCN IV  outside 513 717 226 24 

inside 1058 3138 1229 23 

IUCN V  outside 513 717 226 24  

inside 1120 3191 1122 24 

Natura 2000  outside 513 717 226 24 

inside 1371 3650 1673 23 

Panel B       

Category location n 

plots 

total n intervals n sp. at risk final ext median years 

All  outside 470 674 998 633 24 

inside 1542 4217 4856 2333 24 

Strict outside 470 674 998 633 24 

inside 80 147 388 120 15 

IUCN IV outside 470 674 998 633 24 

inside 872 2952 2896 1395 25 

IUCN V outside 470 674 998 633 24 

inside 938 3009 3052 1506 25 

Natura 2000 outside 470 674 998 633 24 

inside 1165 3444 4134 1874 23 
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Table S14: Summary of plot-level colonization and final-extinction datasets for the sensitivity 

analysis including near-threatened species (Red List category V). Panel A reports the number of 

plots, total number of survey intervals, total retained colonization events, and median total survey 

duration per plot for each inside–outside comparison. Panel B reports the corresponding number of 

plots and survey intervals for the final-extinction analysis, together with the total number of unique 

threatened species at risk of final local extinction and the number experiencing final extinction. 

Species were considered at risk if they were present at the beginning of at least one observed survey 

interval and were counted at most once per plot. Survey duration was calculated as the sum of all 

interval lengths per plot before taking the median across plots. 

Panel A      

Category location n  

plots 

total n intervals total col median years 

All   outside 1236 1570 875 24 

inside 2887 6960 5154 23 

Strict  outside 1236 1570 875 24 

inside 105 184 342 15 

IUCN IV  outside 1236 1570 875 24 

inside 1458 4675 3355 26 

IUCN V  outside 1236 1570 875 24 

inside 1838 4889 3506 24 

Natura 2000  outside 1236 1570 875 24 

inside 1968 5281 4282 23 

Panel B       

Category location n 

plots 

total n intervals n sp. at risk final ext median years 

All  outside 1155 1489 4317 2395 24 

inside 2690 6763 15935 6679 23 

Strict outside 1155 1489 4317 2395 24 

inside 97 176 588 201 15 

IUCN IV outside 1155 1489 4317 2395 24 

inside 1355 4572 9582 3822 26 

IUCN V outside 1155 1489 4317 2395 24 

inside 1720 4771 11403 4638 24 

Natura 2000 outside 1155 1489 4317 2395 24 

inside 1852 5165 12578 5039 23 
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Table S15: Protection-status effects on plot-level colonization and final local extinction of 

threatened plant species, excluding near-threatened species (Red List category V). Colonization 

was analyzed using negative binomial generalized linear mixed-effects models and is reported as 

incidence rate ratios (IRRs). Local extinction was analyzed using binomial generalized linear mixed-

effects models and is reported as odds ratios (ORs). Models included resurvey project as a random 

intercept and log-transformed plot area and total survey duration as covariates. “Outside” refers to 

plots located outside all protected areas. Values above 1 indicate higher expected colonization counts 

or higher odds of final local extinction inside protected areas, whereas values below 1 indicate the 

reverse. Bold values indicate significant differences (p < 0.05). 

 

  

Category Event Effect type Estimate 95% CI p 

All PAs  Colonization IRR 1.124 [0.94-1.34] 0.196 

Extinction OR 0.864 [0.69-1.08] 0.203 

Strict  Colonization IRR 1.517 [1.01-2.29] 0.047 

Extinction OR 0.997 [0.45-2.21] 0.994 

IUCN IV  Colonization IRR 1.238 [0.97-1.58] 0.085 

Extinction OR 0.651 [0.48-0.88] 0.005 

IUCN V  Colonization IRR 1.024 [0.84–1.25] 0.819 

Extinction OR 1.323 [1.00-1.75] 0.050 

Natura 2000  Colonization IRR 1.335 [1.09-1.63] 0.005 

Extinction OR 0.634 [0.49-0.82] <0.001 
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Table S16: Protection-status effects on plot-level colonization and final local extinction of 

threatened plant species including near-threatened species (Red List category V). Colonization 

was analyzed using negative binomial generalized linear mixed-effects models and is reported as 

incidence rate ratios (IRRs). Local extinction was analyzed using binomial generalized linear mixed-

effects models and is reported as odds ratios (ORs). Models included resurvey project as a random 

intercept and log-transformed plot area and total survey duration as covariates. “Outside” refers to 

plots located outside all protected areas. Values above 1 indicate higher expected colonization counts 

or higher odds of final local extinction inside protected areas, whereas values below 1 indicate the 

reverse. Bold values indicate significant differences (p < 0.05). 

 

  

Category Event Effect type Estimate 95% CI p 

All PAs  Colonization IRR 1.353 [1.21-1.51] <0.001 

Extinction OR 1.064 [0.96-1.18] 0.246 

Strict  Colonization IRR 1.251 [0.81-1.94] 0.318 

Extinction OR 1.554 [0.98-2.47] 0.064 

IUCN IV  Colonization IRR 1.668 [1.40-1.99] <0.001 

Extinction OR 0.814 [0.68-0.96] 0.019 

IUCN V  Colonization IRR 1.212 [1.07-1.38] 0.003 

Extinction OR 1.149 [1.01-1.31] 0.033 

Natura 2000  Colonization IRR 1.653 [1.45-1.89] <0.001 

Extinction OR 0.937 [0.82-1.06] 0.322 
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Table S17: Effect of protected-area size on annual relative cover change within protected areas. 

Annualized relative cover changes were first averaged across survey intervals within each species × 

plot combination. Separate linear mixed-effects models were then fitted for each protected-area 

category, with log-transformed and centered protected-area size (log10 km2) as the predictor and 

random intercepts for species, plot, and protected-area identity. For plots intersecting multiple protected 

areas of the same category, the largest intersecting protected area was used. Reported are the estimated 

slope (β), 95% confidence interval, p-value, and sample sizes. Positive β values indicate more positive 

annual cover change with increasing protected-area size. 

 

  

Category β n species n plots n PAs 95% CI p 

Strict -0.089 130 104 13 -0.243-0.066 0.29 

IUCN IV 0.002 400 1490 131 -0.011-0.016 0.73 

IUCN V -0.006 408 1555 102 -0.026-0.013 0.52 

Natura 2000 0.004 437 1879 146 -0.008-0.016 0.55 
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Table S18: Effect of protected-area size on plot-level colonization and extinction within each 

protected-area category. Analyses were restricted to threatened species (Red List categories 0–3, R 

and G), excluding near-threatened species (category V), consistent with the main colonization and 

extinction analyses. Colonization was modeled using negative binomial GLMMs and extinction using 

binomial GLMMs, restricted to plots inside the respective category. Models included log-transformed, 

centered protected-area size (log10 km2) as the predictor of interest, with plot area and survey duration 

as covariates and resurvey project and protected-area identity as random intercepts. Effects are reported 

as incidence rate ratios (IRRs) for colonization and odds ratios (ORs) for extinction. Bold indicates p < 

0.05. The strict-protection colonization model did not converge and is therefore not shown. 

 

 

 

 

 

 

 

 

 

 

  

Category Event Effect type Estimate 95% CI p 

Strict  Colonization IRR Model did not converge 

Extinction OR 0.331 [0.02-4.52] 0.406 

IUCN IV  Colonization IRR 1.236 [0.96-1.58] 0.093 

Extinction OR 0.885 [0.61-1.28] 0.518 

IUCN V  Colonization IRR 1.480 [1.06-2.06] 0.020 

Extinction OR 1.288 [0.81-2.04] 0.283 

Natura 2000  Colonization IRR 1.190 [0.92-1.53] 0.181 

Extinction OR 1.183 [0.79-1.76] 0.412 
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Supplementary Figures 

 

Figure S1: Size distribution of protected areas in Germany. a) Map of all protected areas in 

Germany. Dark-green colors indicate protected areas larger than 25 km2. Light-green indicates 

protected areas smaller than 25 km2. b) Percentage of protected areas with an area of less than or more 

than 25 km² relative to the total protected area coverage in Germany. c) Percentage of protected areas 

larger than or smaller as 25 km2 per protected area designation category. 
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Figure S2: Relationship between red-listed plant species’ baseline range size (log(SOPT1)) and 

the occurrence-probability-weighted protected range share. Lines show LOESS smoothers. 

Smaller-ranged species tended to have a larger proportion of their baseline ranges under protection; 

baseline range size was therefore included as a covariate in all range-persistence models. Linear-model 

estimates are reported in Table S6. 
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Figure S3: Effect of protected area coverage on baseline range retention between T1 (1960-1987) 

and T3 (1997-2017) of red listed plant species in Germany including Red List category V (near-

threatened species). a) Total protected-area coverage in Germany and the relationship between the 

proportion of each species’ baseline range protected and its range retention from T1 (1960) to T3 (2017), 

across 860 threatened plant species (including Red List categories 0-3, R, V). The marginal panel shows 

the distribution of range-retention values across species; the boxplot indicates the median and 

interquartile range, and the density curve shows the overall distribution. b)–e) The same relationship 

shown separately for strictly protected areas (IUCN I–III and biosphere reserve core zones), IUCN IV 

areas, IUCN V areas, and Natura 2000 Habitats Directive sites. Points represent species, lines show the 

fitted linear relationship, and the shaded band indicates the 95% confidence interval. Solid regression 

lines indicate significant relationships (p < 0.05). 
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Figure S4: Effect of protected area coverage on baseline range retention between T2 (1988-1996) 

and T3 (1997-2017) of red listed plant species in Germany. a) Total protected-area coverage in 

Germany and the relationship between the proportion of each species’ baseline range protected and its 

range retention from T2 (1988) to T3 (2017), across 653 threatened plant species (including Red List 

categories 0-3, R). The marginal panel shows the distribution of range-retention values across species; 

the boxplot indicates the median and interquartile range, and the density curve shows the overall 

distribution. b)–e) The same relationship shown separately for strictly protected areas (IUCN I–III and 

biosphere reserve core zones), IUCN IV areas, IUCN V areas, and Natura 2000 Habitats Directive sites. 

Points represent species, lines show the fitted linear relationship, and the shaded band indicates the 95% 

confidence interval. Solid regression lines indicate significant relationships (p < 0.05). 
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Figure S5: Model-estimated contrasts of within-species comparisons of mean annualized cover 

changes inside versus outside of protected areas across Germany with 95% CIs. Contrasts are 

shown for comparisons of red-listed species including the near-threatened Red List category (V; circles) 

and without near-threatened species (Red List categories 0-3, R, G; triangles). Dashed CIs represent 

non-significant contrasts with a significance threshold of α = 0.05. The vertical dashed line marks the 

point of zero-differences. The model excluding category V species did not converge for strict protected 

areas because of the reduced sample size and is therefore not shown. n indicates the number of species 

included in the respective model. 
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Figure S6: Incidence rate ratios (IRRs) for colonization and odds ratios (ORs) for extinction of 

Red List plant species (including near-threatened species), inside versus outside protected areas. 

Points show IRRs for colonization estimated from negative binomial GLMMs and ORs for final 

extinction estimated from binomial GLMMs, with horizontal lines indicating 95% confidence intervals. 

The dashed vertical line marks IRR/OR = 1 (no difference between protected and unprotected plots); 

values >1 indicate higher expected colonization counts or higher odds of final local extinction inside 

protected areas. Dashed confidence intervals indicate non-significant differences at α = 0.05. Effect 

ratios are plotted on a log10-transformed x-axis. n indicates the number of plots included in the 

respective colonization or extinction model. 
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