
Frontiers in Ecology and Evolution

OPEN ACCESS

EDITED BY

Vladan Djordjević,
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Introduction: Fifty-seven orchid species have been so far reported to occur

naturally in Great Britain and Ireland, some of which are known to have declined

over the last century, primarily due to land use changes. In this paper, we examine

changes in distribution at the hectad scale (10 × 10 km) from 1930 to 2019.

Methods: We use hypothesis tests for trends in occupancy for each orchid

species, asking if there is significant evidence of change that cannot be attributed

to natural processes. We use 1/f-noise as a background variability to allow for the

effect of temporal autocorrelation that models the effects of natural long-term

changes. In our data analysis, we also apply Frequency Scaling Local Occupancy

(Frescalo) to correct for variation in recording effort. We also investigate

distribution centroid shifts and changes in orchid hotspots.

Results: Analysing a subset of 51 species in Great Britain, 13 show significant (at

the 5% level) trends in occupancy, five positive and eight negative. In Ireland, five

(out of 31) show significant trends, of which four are positive. There is no

prevailing directional shift of orchid distributions. When patterns are averaged

across the family, orchids appear to have moved northwards in Great Britain but

south-westwards in Ireland. Since recording began, the number of high diversity

hotspots (SR ≥16 species) has decreased in Great Britain (from 107 to 41) and

increased in Ireland (up to 6 from none), though many hotspots remain stable.

Discussion: Although there is not a prevailing decline, the absence of significant

change in hectad occupancy overall cannot be accepted as proof that all is well

with orchids in the British Isles, since examination on finer scales could reveal

significant declines at the population level. There have also been redistributions

of diversity on small and large spatial scales, emphasizing a major role for

processes operating across a range of scales in spatial as well as

temporal variability.
KEYWORDS

1/f-noise, distribution shifts, diversity hotspots, migration, occupancy
trends, Orchidaceae
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1 Introduction

The systematic recording of orchids in Britain and Ireland has

largely been undertaken by recorders of the Botanical Society of

Britain and Ireland (hereafter BSBI) within irregularly bordered

vice-counties (Watson, 1852) and, from the 1950s, in regular grid

squares of the Ordnance Survey National Grid. The first grid-based

Atlas was published by the BSBI in 1962 (Perring and Walters,

1962), although systematic monitoring of local floras has been in

progress since the early 1800s (reviewed by Stroh et al., 2023). These

national grid-based surveys of the British and Irish flora have been

repeated for the periods 1987 – 1999 (Preston et al., 2002) and

2000 – 2019 (Stroh et al., 2023).

Fifty-seven species of orchids have been considered native to

Great Britain and Ireland (GB: 56 species; IR: 31 species), although

this number is something of a ‘moving target’ due to frequent

taxonomic changes and, more recently, multiple immigration

events (Bateman, 2022). Diversity is greatest on calcareous

substrates in south-southern and south-east England, northern

England and western Ireland. In terms of habitat choice, 27

species prefer grasslands, 13 species prefer woodlands, five species

are equally at home in grasslands and woodlands, and 12 species

prefer wetlands (e.g. Stroh et al., 2023). Rarer species are distributed

among these habitat types more-or-less proportionally. Some

species are known to have suffered significant declines over the

last century, especially due to human activities (e.g. Farrell, 1985;

Foley, 1990, 2004). Great Britain is one of the most highly populated

and developed regions of Europe, especially in areas where orchid

diversity is highest in southern and south-eastern England. The

complexity of orchid life history and dependence on other

organisms makes them vulnerable to environmental changes (Fay

et al., 2015a; Kull et al., 2016; Seaton et al., 2010), especially habitat

loss and modification as a result of large-scale land use changes

(Shefferson et al., 2020; Wraith and Pickering, 2018, 2019). Since the

1940s, much of the British countryside has been heavily modified by

agricultural changes, mainly the intensification of production,

which led to the large-scale loss of semi-natural habitat and

increasing nutrient inputs on the fragments that survived (Burns

et al., 2016; Montràs-Janer et al., 2024; Taheri et al., 2021), while it

has also increased the vulnerability of certain species to climatic

change (Fay, 2018; Suggitt et al., 2023). Semi-natural grasslands

have faced the greatest losses since the 1930s, declining by up to

39% between 1932 and 1984, with inorganic fertilizers affecting 85%

of all grassland habitats (Fuller, 1987). The resulting fragmentation

caused connectivity between fragments to fall by up to 98%

(Hooftman and Bullock, 2012). Research using digitized historical

maps has revealed a loss of over half (> 3000 km²) of the semi-

natural grasslands in Great Britain over the last 75 years (Suggitt

et al., 2023).

In this paper we focus on changes in the distribution of orchids

in Great Britain and Ireland over the period covered by the BSBI

atlases. Given the extent of the losses of natural grassland, and the

fact that half of the orchid species native to Britain and Ireland are

restricted to open, semi-natural grasslands, in conjunction with the

expected climatic alterations, it seems natural to anticipate
Frontiers in Ecology and Evolution 02
significant loss of orchid populations over this period. Several

studies have attempted to investigate this question in the past,

notably Kull and Hutchings (2006), who compared the changes in

the orchid floras of the UK and Estonia, concluding that most

species had declined in range over the last century in both countries.

Damgaard et al. (2020) examined changes in the abundance of

Danish orchids over 30 years by focusing on existing populations

and found significant population declines. Vogt-Schilb et al. (2015)

assessed the change of the distributions of 134 orchid taxa over 20

years in administrative units in France, Belgium and Luxembourg,

based on the two editions of a book by the French Orchid Society

(Bournérias et al., 1998; Bournérias and Prat, 2005). This work

revealed declines of orchid species despite protection and found

that most of these changes had more to do with land-use changes,

such as urbanization, than climatic ones. Several studies in the UK

came to different conclusions, either finding losses from randomly

selected sample of historic populations of a few species (Walker

et al., 2018) or mixtures of increases and decreases at the tetrad (2 ×

2 km) scale (Braithwaite et al., 2006). Trudgill (2022, 2023)

considered the BSBI data for Scottish and English orchids

between 1950 and 2019, arguing that the failure to detect

significant decline is because trends and changes in species

occurrence through time are confounded by increasing sampling

intensity. Trudgill (2022) used numbers of orchid tetrad records

normalized to the corresponding total for all plant taxa, showing

that with this metric, the frequency of orchids was decidedly

downward for all species except the commonest Scottish orchid,

Dactylorhiza maculata. However, an additional bias, possibly

unique to the orchid family, is the very high recording effort

dedicated to orchids across all time periods, which argues against

using such a normalization. Considerable analysis is provided by

the Atlas itself (Stroh et al., 2023), which explores trend patterns for

various groups, such as native versus introduced species, or for

species associated with specific land-types, though not for orchids

specifically. The results are expressed diagrammatically as

smoothed trends for individual species and for groups of species

without assessing significance values (see also Pescott et al., 2022).

In this study, our interest is in trends of orchid distribution

through the prism of hypotheses of significance. In particular, we test

the hypothesis of significant change of hectad occupancy: how many

species show evidence of change that cannot be attributed to natural

processes, including the effect of temporal autocorrelation? Temporal

autocorrelation of natural variability is a critical factor for

interpreting the significance of environmental trends, since it may

change p-values by orders of magnitude. Our study has several

advantages over previous ones. Firstly, for all orchid species, it

covers a longer timeframe (90 years) and considers temporal

autocorrelation as well as the possibility of uneven sampling

intensity. Also, spatially, we include all the British Isles. Moreover,

while many previous studies in Europe consider only existing orchid-

rich areas (Damgaard et al., 2020; Walker et al., 2018), our study

includes all hectads, thus allowing for hotspots in the making.

A second question we address is the extent to which orchid

distributions have shifted in response to climate change. Clearly,

climatic variability is expected to affect the growth rates of orchid
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populations (Shefferson et al., 2020). Firstly, it is expected to affect

orchids directly, through fluctuations in temperature and

precipitation (Djordjević and Tsiftsis, 2022) or by reducing the

availability of suitable habitat (Barman and Devadas, 2013). It could

also interfere with interactions between mutualists, both above and

below ground (Shefferson et al., 2020). Shifts of phenology patterns

have already been observed in orchids (Molnár et al., 2012; Pausǐč

et al., 2019; Robbirt et al., 2014). Several studies have argued that

disruptions in the synchrony of orchid and pollinator phenology

might arise from the changing climate (Hutchings et al., 2018;

Robbirt et al., 2014; Willmer, 2014), though the likely consequences

of such divergences continue to be debated (e.g. Bateman, 2025b).

Climate models predict major increases in the variability of

temperature and precipitation, and this is expected to lead to

changes in species ranges (Charitonidou, 2022; Evans and

Jacquemyn, 2022; Jacquemyn et al., 2024). Nevertheless, recent

publications investigating range shifts in Britain, using atlases of

the BSBI, did not find strong evidence for clear patterns of change in

plant distributions (Groom, 2013; Montràs-Janer et al., 2024).

A third question concerns orchid hotspots of species richness.

Do they occur in Great Britain and Ireland and, if so, have they

changed in distribution through time? Biodiversity hotspots have

been popular subjects of active research and conservation

initiatives, since they constitute the best candidates to investigate

the patterns of species diversity and extinction risk, as well as to

design more targeted conservation strategies (Antonelli et al., 2023;

Forest et al., 2007; Myers et al., 2000; Prendergast et al., 1993).

Orchid hotspots have attracted special attention because of the great

popularity of orchids and because they are among the most studied

plants in the British and Irish flora (Bateman, 2022; Stroh et al.,

2023). Although several orchid hotspots are widely recognized

across the British Isles, we should attempt to determine whether

these centers remained the same in richness and in position or

alternatively changed significantly through time.
2 Materials and methods

2.1 Occurrence data and spatiotemporal
resolution

The BSBI’s database of distribution (occurrence) records for

British and Irish vascular plants is among the richest and most

comprehensive collections of spatial data for plant taxa in the world;

it currently comprises more than 50 million individual occurrence

records at spatial scales ranging from1m2 to10,000,000m2.Thesedata

are continually updated andvalidated by volunteer recorders, aswell as

fromotherofficial sources, suchasdigitizedherbariumspecimens.One

great asset of botanical recording in the British Isles is that it has long

been based on square areas delimited by the Ordnance Survey’s

national grid. The precision with which typical records are

submitted to the BSBI database has increased through time. Early

records were based on hectads (10 × 10 km squares), but from the

1970s onwards these began to be superseded by tetrads (2 × 2 km

squares), then rapidly progressing throughmonads (1 × 1 km squares)
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tohectares (100×100m,usually reported as six-figure grid references).

Increasingly widespread use of GPS devices by field botanists from the

late 1990s onwards further strengthened potential precision to at least

eight-figure grid references, accurate to within 10 m. However, far

coarser resolution has been used to summarize records when

generating species distribution maps for publication – typically,

tetrads or increasingly monads are used at a local level and hectads

at a national level (Pescott et al., 2019; Stroh et al., 2023). Thus, the

online BSBI database provides access to the observations at several

spatial resolutions, with great flexibility regarding temporal filters.

For our analysis of changes of the British and Irish orchid flora,

we compared the same periods used to analyze trends in Plant Atlas

2020 (Stroh et al., 2023; plantatlas2020.org), specifically (a) 1930–

1969; (b) 1987 – 1999; (c) 2000 – 2009, and (d) 2010 – 2019. These

subdivisions roughly correspond to the timespan of national

recording periods used in successive national plant distribution

atlases published by BSBI, though splitting in half the final 20-year

phase of data collection. The period between the first and the second

phases (1970 – 1986) has been omitted from comparisons, since

there was no official national recording taking place. In our

analyses, the spatial resolution used is the hectad (10 × 10 km)

since this is the scale for which comprehensive data are available

from 1930 onwards. This particular grid size has been broadly used

in various similar studies across Europe (e.g. Kull and Hutchings,

2006; Tsiftsis and Tsiripidis, 2020; Stroh et al., 2023; Djordjević

et al., 2025). For our analyses, Great Britain (plus the Isle of Man;

GB) and Ireland (IR) are assessed independently, as two separate

geographical entities. The Channel Islands are not included in the

analysis, as in phytogeographical terms they are more appropriately

grouped with continental Europe (Preston et al., 2013). For both

Great Britain and Ireland, original hectad grids were clipped using

georeferenced coastline shapefiles of each geographic entity

(process applied in QGIS v.3.24 ‘Firenze’), in order to better

represent the extent of species distributions (and avoid extending

into the sea). After clipping, the British grid consisted of 2851

hectads and the Irish grid consisted of 1020 hectads.

At present, 57 orchid species are known to occur in Britain and

Ireland (Bateman, 2022), including five formerly exclusively

continental European orchids that have appeared in the British

Isles only during the last few decades (Serapias parviflora; three

occurrences, S. lingua; two, S. cordigera; two, S. vomeracea; one, and

Himantoglossum robertianum; two). For these species, questions have

understandably been raised regarding their mode of arrival, given

increasing horticultural interest, but all species – and most of their

occurrences – are actually credible as natural arrivals, their northward

migration potentially encouraged by climate change (Bateman, 2022).

Among the undoubted natives, Spiranthes aestivalis was extirpated

from Britain in the late 1950s and Epipogium aphyllum has only been

recorded twice since the late 1980s (the latest observation, of a single

plant, was made in 2024). For our analysis we downloaded

occurrence data from the online database of BSBI, for all validated

orchid species present in Britain and Ireland (filtered as “accepted

and unchecked” in the BSBI DDb) excluding any records of the DDb

that are dubious or have been rejected, within the overall selected

timeframe (1930 – 2019). Anacamptis laxiflora was excluded as it is
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restricted to the Channel Isles as a native. For our database query all

infraspecific taxa were aggregated into species, while for Epipactis

leptochila and Gymnadenia conopsea, we selected the sensu stricto

species. For the latter, this means that we treated the three imperfectly

mapped former subspecies of Gymnadenia as full species (Bateman

et al., 2021). These decisions left 51 species for analyses in Great

Britain and 31 in Ireland (Supplementary Table 1). Occurrence

records were downloaded from the BSBI database (https://

database.bsbi.org/- last accessed in February 2024) and then

converted to presence/absence within hectads for each of the

specified time-periods.
2.2 The ‘recorder effort problem’ and
Frescalo correction

One of the main weaknesses of using datasets collected by

volunteers during largely unstructured surveys is the so-called

recorder effort problem, where the spatial and temporal effort is

largely unknown. Thus, the dataset might not correspond to the

actual underlying species distribution but is instead biased to due to

variation in effort in different areas or periods, largely because of

contrasts in the number of recorders taking part (Hill, 2012;

Prendergast et al., 1993). This issue has been raised previously for

the BSBI dataset (Pescott et al., 2019), especially for the earlier

monitoring periods that correspond to the first published Atlas and

its subsequent ‘critical supplement’ (Perring and Walters, 1962,

1968). One way of correcting for uneven effort, proposed by Hill

(2012), utilizes ‘benchmark’ species to estimate recording effort for a

species at a particular point in space and time. In this method, called

Frequency Scaling Local Occupancy (‘FreScaLO’, hereafter

‘Frescalo’), benchmark species are selected based on their

commonness and stability, so that they represent recording effort

rather than ecological change, and then the local species frequency

curves are all scaled to have the same shape before each site’s

benchmark recording frequency is used to adjust species’ local

frequencies (Hill, 2012; Pescott et al., 2019). The per-

neighborhood result is a time-period specific of index of a species’

deviation from its all-time local frequency; this is assumed to

represent ecological change conditional on the specification of the

effort adjustment being correct. In our analysis, we applied the

Frescalo correction to the hectad-scale orchid data in all four time-

periods. Frescalo corrected trends were based on the methods and

data used in Plant Atlas 2020 (hereafter PA2020). For some species

this was not possible because of low occupancy. Specifically,

Frescalo results are not given for species present in 15 hectads or

fewer in Britain, and in 6 hectads or fewer in Ireland, because such

species may not satisfy all of the assumptions of the Frescalo model

(Stroh et al., 2023). Also, the Frescalo-corrected values were based

on the analysis used in PA2020 in which some species were

aggregated. For example, the three Gymnadenia species were

aggregated in the Gymnadenia conopsea aggregate (Gymnadenia

conopsea sensu lato). This led to a reduced subset of 42 species for

Great Britain and 25 for Ireland. To test our suspicion that the long-

standing attention paid to the orchid family confers greater
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coverage (Bateman, 2022, 2025a; Stroh et al., 2023), we compared

the fitted slopes for both our curated orchid species dataset and the

Frescalo-corrected dataset for both Great Britain and Ireland.
2.3 Estimating trends

We define as statistically significant a trend whose probability of

occurrence, under the assumption of natural change, is less than a

specified level, a (DeGroot and Schervish, 2012). This level is

usually set at 5% but it can be made larger (e.g. 10%) in

situations where we wish to reduce the chance of Type-II error,

such as when applying the Precautionary Principle. Here we used

5% but results for 10% are given in Supplementary Materials.

However, the natural environment exhibits autocorrelation over

all timescales (Ariño and Pimm, 1995; Franzke et al., 2020; Huybers

and Curry, 2006). Thus, it is harder to confirm a significant trend,

since trends can arise within the stochastic process itself (Beran

et al., 2013). For example, in the “attribution problem” of global

warming, even though we see undeniable increases in global

temperatures, arguments have been made that this increase is

nothing more than natural variability (see Halley, 2009 for a

discussion). Rebuttals of these arguments are possible by

including a credible model of natural autocorrelated variability

(Halley, 2009; Phillips et al., 2023). This applies also to the

conservation context, where our concern is with declining trends.

Thus, we need to control for the natural trends and cycles within the

environment before we can decide whether a trend is indeed

significant. The canonical stochastic process for autocorrelated

variability is termed 1/f-noise (Halley, 1996), which describes well

the fluctuations in real ecological populations and various proxies

thereof (Inchausti and Halley, 2002).

For each species in the dataset, we counted the number of

occupied hectads for each of the four time-periods. This yields a

proxy for the species’ abundance as a function of time. We chose the

median year of each time-period (1949.5, 1993, 2004.5, 2014.5) as the

representative value of time. For each species, we calculate the trend

via least-squares fitting at the four time-steps. For estimating the

significance of the trend assuming 1/f-noise environmental

variability, we used a Monte-Carlo method (Halley, 2009). We

generated two contrasting stochastic models of environmental

variability. The simplest stochastic process used in ecology is the

white-noise model, where each value of population has a normal

distribution of standard deviation about a fixed mean. 1/f-noise, also

known as pink noise, is more complex than white, since it is strongly

autocorrelated over all timescales (years, centuries, millennia, etc.).

Each random perturbation consists of unpredictable stochastic events

that occur at that time but also includes a memory of the events of

previous years. Here, we follow the approach taken in Halley and

Kunin (1999), which consists of approximating the process by a series

of simpler autoregressive processes, one for each timescale tk (where
tk=t02k with k ∈ {…,-2,-1, 0, + 1,+2,…}). This model was used to

generate many simulated trajectories of annual occupancy to

compare with the observed series. Values of the 1/f-process were

generated for each year and sampled at each of the four time-periods.
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Each trajectory generated by the model is rescaled so that its mean

and variance are the same as for the observed time series. Least-

squares fitting then finds the trend in the generated time-series. Each

time-series is simulated many times, and the set of K = 100,000

simulations for each is completed by adding the trajectory of the real

data. After this normalization process is complete, we count the

number of trajectories for which the slope exceeds the one associated

with the real population and divide by the number of replications to

obtain the significance value. For comparison, in addition to

regression using 1/f-noise as the background variability, we also

calculate results of standard regression analysis (code available at:

https://github.com/EcoLabBET/ExOrChiST.git).
2.4 Biodiversity centroids and extremes

For each of the selected time-periods, we calculated the geometric

center (or center-of-mass; arithmetic mean of the points defining the

polygon – hereafter termed the ‘centroid’) for each hectad where a

given species is present, resulting in a set of points that can effectively

capture the spatial extent (area and geometry) of each species’

distribution. Then, using these sets of points, we generated a

‘point-of-centrality’ for each species’ range per time-period, using

three different approaches: (a) the centroid; (b) the median center,

defined as the one-dimensional median over the first (abscissas) and

second (ordinates) coordinates; (c) the geometric median, defined as

the point that minimizes the sum of distances over all points in the set

(Weber-Fermat point). All calculations were performed in Python

3.10.12, using ‘NumPy 1.25.2’ (Harris et al., 2020). To estimate the

shift of each species distribution centroid across time, we calculated

the distance (in km) and the bearing (in degrees) of a centroid’s

movement on geographical space, employing Vicenty’s formula. In

order to estimate the shift, we removed the species that are not

present in all time-periods (GB: Epipogium aphyllum, Neotinea

maculata, Serapias cordigera, S. lingua, S. parviflora, Spiranthes

aestivalis; IR: Epipactis dunensis, Gymnadenia borealis). To

minimize spatial errors, calculations were adapted to local ellipsoids

using ‘PyGeodesy v.24.3.2’ (Brouwers, 2024). Centroid shifts were

depicted in polar-rose plots (code available at: https://github.com/

EcoLabBET/ExOrChiST.git).
2.5 Biodiversity hotspots

We examined whether known orchid hotspots in Britain and

Ireland can be detected at all selected time-periods, based on the

simplest diversity index, species richness (hereafter SR), and

corrected weighted endemism (hereafter CWE), a range weighted

biodiversity metric used to highlight important areas based on

unique species (endemics/range-restricted species) (Crisp et al.,

2001; Daru et al., 2020). For each of the two metrics, we created a

matrix of values for each hectad, for Great Britain and Ireland

separately, based on the presence of orchid species per given hectad,

for all studied time-periods. We defined orchid hotspots as the 1%

of hectads that had the highest proportion of each of the twometrics
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(SR and CWE) in each island per time-period, following the

methodology of Kougioumoutzis et al. (2021). In cases where

more than 1% of cells had the same value, all were kept (code

available at: https://github.com/EcoLabBET/ExOrChiST.git). To

investigate changes in SR and CWE through time in the orchid

hotspots of Britain and Ireland, we created a list of all hectads

included in the upper 1% of each of the two metrics for at least one

time-period. All extracted orchid hotspots were then mapped in

QGIS v.3.24 ‘Firenze’ (QGIS.org, 2022) for each time-period, before

calculating aggregated values, in order to identify those hotspots

that have persisted throughout the timespan covered by the three

BSBI plant atlases.
3 Results

3.1 Orchid occupancy in Great Britain and
Ireland has seen large spatial changes

In the most recent time-period, 97% of British and 92% of Irish

hectads contained at least one species of orchid, while the mean

occupancy by a single species was 301 (10.5%) hectads for Great

Britain and 129 (12.6%) hectads for Ireland (Figure 1). The species

with the maximum occupancy in both islands was Dactylorhiza

fuchsii, which was reported from 64.9% of the British hectads

(1,851/2,851) and 67.2% of the Irish hectads (685/1,020). Next

came D. maculata [GB: 53.9% (1,536/2,851 hectads) and IR: 52.6%

(536/1,020 hectads)] (Supplementary Table 2). In all time periods,

the pre-eminence of these species, along with Orchis mascula and

Neottia ovata, prevails for both islands. In Great Britain, the rarest

species were Ophrys fuciflora, Orchis militaris, O. simia (all most

recently occupying as native populations only three or four hectads)

and Cephalanthera rubra (three hectads). Also, in the most recent

time-period, Liparis loeselii has declined to four hectads from 14.

Figure 1 shows that there has been a clear redistribution of

orchid biodiversity in Great Britain. Comparing panels 1(A) and 1

(B), despite increased sampling effort (Stroh et al., 2023), there is a

substantial decline in high species richness hectads in the traditional

hotspot areas in south-eastern England. From a large mass of

hectads with the highest orchid diversity in 1930 – 1969 (107

hectads with SR ≥ 16 spp.; Figure 1A), only a few remain in

2010 – 2019 (35 hectads plus six new additions; Figure 1B). In

compensation, major occupancy gains are evident in South Wales,

northern England and Scotland. This trend is clearly visible in

Figure 1D, which shows visually the losses and gains of each region

at the hectad level. Six hectads, all situated in southeastern GB, have

lost ten or more species, whereas seven have gained ten or more:

three in South Wales, two in northern England and two in Scotland.

By contrast, in Ireland, several high species-richness hectads appear

in the Irish Midlands in the last time period, without major losses

elsewhere. Four of these hectads gain ten or more orchid species,

while none have lost so many. Remarkably, in both Ireland and

Great Britain, some of these biodiversity changes have occurred on

large as well as small spatial scales (for example, in areas 4 × 4

hectads in extent). When we use the geographically weighted CWE
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index, the overall picture is quite similar; the CWE seems to be

rather stable in Great Britain between the first and the last time

period (Supplementary Figures 2A-C), with very few strong

changes, all of which are located in the southeast of the country
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(Supplementary Figure 2D). In Ireland also there no overall loss or

gain (a few gains around the Burren in the west and the Wicklow

mountains in the east), despite the CWE showing relatively large

fluctuations through time (Supplementary Figure 2C).
FIGURE 1

(A) Map showing the orchid species richness in Great Britain and Ireland for 1930–1969; (B) Map showing the orchid species richness in Great Britain
and Ireland for 2010–2019; (C) Violin plots depicting the frequency distribution of occupied hectads (%) in Ireland (nIE = 31 species) and Great Britain
(nGB = 53 species) for the selected time-periods. Summary statistics within each violin plot depict the mean and the upper and lower Gaussian
confidence limits. Grey dotted lines across violin plots link mean values for successive time-periods; (D) Map showing the changes in orchid species
richness between the 1950s (t1: 1930–1969) and 2010s (t4: 2010–2019) in Great Britain and Ireland. Cells with white color have a value of zero.
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3.2 For most species, changes in
occupancy exhibit low levels of statistical
significance

When we fit trends to occupancy data, in Great Britain, 31

species out of 51 show a decline of hectad occupancy, whereas 20

show an increase (Table 1). In Ireland, the situation is reversed; the

corresponding numbers are five declining and 26 increasing.

Standard regression tests suggest that nine of the positive trends

in Great Britain are significant (at the 5% level) and 11 significantly

negative; a further 31 species showed no significant trend. If we use

1/f-noise as the background environmental variability to correct for

natural trends (but without any Frescalo correction), the number of

insignificant trends increases to 39, with only five being significantly

positive and eight significantly negative (Supplementary Table 3). In

our more restricted dataset of 42 species that used the Frescalo-

corrected occupancies to carry out a regression test, together with 1/

f-noise as environmental variability, we found six species in Great

Britain had a significant negative trend. Note that for this reduced

dataset, there is little difference in results with and without the

Frescalo correction itself. The most significantly declining species

were Ophrys insectifera, Neotinea ustulata and Herminium

monorchis, all of which have fallen to less than half of their

occupancy documented in the first atlas. Meanwhile, two species

increased significantly: Ophrys apifera has increased by about 74%,

and Dactylorhiza traunsteinerioides nearly tripled its occupancy

from 14 to 44 hectads, in part reflecting improved ability of field

botanists to identify this species. For 35 species (81%), the trend was

not significant. In Ireland, where the rarest long-term species is

Cephalanthera longifolia, the only significant loser is Spiranthes

spiralis, which disappeared from 42% of its occupied area

(Supplementary Table 2). Meanwhile, Epipactis helleborine has
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expanded from 54 to 144 hectads. Neither of the corrections

affects these results (Table 1).
3.3 Orchid distributions have shifted
differently for Great Britain and Ireland
during the last 90 years

During the selected timespan (1930 – 2019), most species in

both islands have shown evidence of shifts. In Britain, orchid

distributions have shifted mainly to the north and northwest

(Figure 2, Supplementary Table 3), with an average distance of

50.6 km. On the other hand, orchids in Ireland have shifted mainly

towards the southwest, with an average distance of 40.8 km

(Figure 2, Supplementary Table 2).
3.4 In Great Britain high diversity areas
have expanded but many hotspots are
remarkably persistent

Figure 3 shows a map of orchid hotspots of Great Britain and

Ireland, following our analysis. This corresponds closely to areas in

both Britain and Ireland that have long been known to possess high

orchid richness (cf. Godfery, 1933; Harrap and Harrap, 2009;

Summerhayes, 1968). As shown in the central map of Figure 3,

the majority of orchid-rich areas of Britain are in southeastern

England for all time-periods, including all 11 of the constant

hotspots, which are concentrated in the Cretaceous chalk soils of

the Chiltern Hills, North Downs (e.g. Box Hill), and South Downs –

already well-known orchid-rich locations in Britain. There is also a

small cluster on Carboniferous limestone soils to the north (eastern
TABLE 1 Trend results based on a regression analysis.

Region N (sp) Trend significance Increase (%) Non-significant trend (%) Decrease (%)

GB 51

On basis of sign 39.2 [28.6] – 60.8 [71.4]

p-value < 5% 17.6 [11.9] 60.8 [64.3] 21.6 [23.8]

p-value < 5% (1/f-noise) 9.8 [4.8] 74.5 [78.6] 15.7 [16.7]

Frescalo GB 42

On basis of sign 31.0 – 69.0

p-value < 5% 9.5 66.7 23.8

p-value < 5% (1/f-noise) 7.1 76.2 16.7

IR 31

On basis of sign 83.9 [80.0] – 16.1 [20.0]

p-value < 5% 12.9 [16.0] 83.9 [80.0] 3.2 [4.0]

p-value < 5% (1/f-noise) 12.9 [16.0] 83.9 [80.0] 3.2 [4.0]

Frescalo
IR

25

On basis of sign 80.0 – 20.0

p-value < 5% 16.0 80.0 4.0

p-value < 5% (1/f-noise) 16.0 80.0 4.0
The numbers represent proportions of species with increasing or decreasing trends across the four specified time-periods. Regression was performed on the total number of hectads in which each
species was present. The level for statistical significance was set at 5% with p-values calculated using the Monte Carlo algorithm described in the Materials and Methods section for 105 iterations.
For Great Britain, a set of 51 species was used, whereas the numbers in square brackets are the values obtained for the reduced subset of 42 species used in the Frescalo-corrected dataset, which is
also presented for comparison. The same approach was taken for Ireland. Note for Ireland, using 1/f-noise as background variability makes no difference to the regression results, though this is
not the case when p=10% (see Supplementary Table 4).
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FIGURE 3

Orchid hotspots in Great Britain and Ireland. Side panels show upper 1% species richness hectads for each island per time-period. Centre panel is
the combination of all side panels, showing the number of time-periods when a given hectad appears as an orchid hotspot.
FIGURE 2

The distribution of bearings for the movement of the centroid of the range between the first time-period (1930–1969) and the last time-period
(2010–2019) for Great Britain and Ireland. The data are presented in a normalized rose diagram encompassing all orchid species in a given country.
The radii of circles (grey scale-bar) indicate percentage change up to 30%, while the color scheme represents the amplitude of changes (distance
between centroids).
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Cumbria and North-west Yorkshire), emerging after the second

time-period. In the last time period these patterns were less

pronounced, especially in southeastern England. The overall

pattern is for the high diversity to be less concentrated in

southeastern Britain, with the number of hotspots in the north

increasing. In Ireland, two distinct aggregations of orchid hotspots

can be seen: one around the Burren (the most famous place for

botanizing in Ireland) and another to the north, centered on the

Fermanagh Scarplands. Conversely, in Ireland, there is a modest net

southward shift, as the large cluster near the Fermanagh Scarplands

diminishes through time, whereas the southern aggregation of

orchid-rich hectads around the Burren widens. A westward

movement towards the coastline is also evident, especially in the

north. Some orchid hotspots have proven remarkably stable. In

Britain, 11 of the 73 high-richness hectads (and in Ireland, two out

of 25) have been constant throughout all time periods. When we use

the taxonomic geographically-weighted (CWE) variant, which gives

greater emphasis to geographically limited or endemic species, the

results are broadly similar. However, in Great Britain, the

prominent ridge of high diversity, centered on the South Downs,

is almost absent and that between the Surrey Hills and the Isle of

Sheppey is much reduced. Meanwhile, clusters around the

Chilterns, Kent Downs and Cotswolds are consolidated. In

Ireland, according to the CWE, the Fermanagh Scarplands tend

to have fewer endemic, geographically limited, species compared to

the Burren (Supplementary Figure 3).
4 Discussion

There is widespread concern about the health of orchid

populations in Britain and Ireland, as well as in continental

Europe (e.g. Bateman, 2022, 2025a; Fay, 2015; Fay and Calevo,

2024). There are many legitimate reasons for this concern, given the

scale of earlier excessive collecting and of ongoing intensive

agriculture and climatic or land-use change (e.g. Walker et al.,

2023). Thus far, 17 native orchids spanning 12 genera have had

their detailed ecological biographies published in the long-running

Biological Flora of Britain and Ireland section of the Journal of

Ecology (e.g. Rose, 1948; Farrell, 1985; Tatarenko et al., 2022), and

each article expresses serious concern regarding the negative impact

of habitat degradation. However, the scientific literature provides

conflicting evidence. Our analysis focused on how the hectad

occupancy of each species changed over a 90-year period

(1930 – 2019). We also employed two important corrections:

firstly, applying the Frescalo method to correct for incomplete or

variable sampling intensity, and secondly, using 1/f-noise (rather

than white noise) in order to account for the expected

autocorrelation of occupancy levels.

In Great Britain, although we did not find a significant decline

for orchids as a whole, more species declined than increased in their

occupancy, and several of these were highly significant. As expected,

employing 1/f-noise as a background model for natural

environmental variability, which includes the possibility of

sustained natural trends, reduced the number of significant
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trends. However, the Frescalo correction did not affect our results.

This may be because orchids are historically relatively well-recorded

relative to other plant groups, and potentially due to their

charismatic nature that makes them a “recorder’s Holy Grail” and

easily identifiable in the field (see Adamo et al., 2021). The Frescalo

method depends on benchmark species truly reflecting effort, as

incorrect assumptions about their stability or detectability can bias

estimates. Frescalo performs best when there is sufficient data to

reasonably estimate species ’ relative frequencies across

neighborhoods; thus, we expect the correction method to

underperform in early periods where data are scarcer (Pescott

et al., 2019). In Ireland, the trends in occupancy are mostly

upward. However, recording effort in Ireland commenced at a

much lower level than in Britain, so the increasing trends may be

strongly influenced by greater effort in the later recording periods.

In the European context, where several authors saw a dominant

pattern of decline (Damgaard et al., 2020; Kull and Hutchings, 2006;

Vogt-Schilb et al., 2015) our study found patterns to be more

nuanced. While more species in Great Britain were declining than

increasing, in Ireland distributions appear to have expanded: from

zero high diversity hectads (SR ≥ 16 spp. in 1930 - 1969 to six in

2010 - 2019; Figure 1). There is a clear decline of orchid-rich

hectads in Great Britain: between the first and the last time-period

the number of hectads with over 16 species fell from 107 to 41.

Our analysis finds some northward movement of orchids in

Great Britain, but Ireland’s orchids seem to be moving towards the

southwest. A major topic of discussion has been migration lag; the

fact that plant species experience delayed rather than immediate

responses to temperature changes has become an issue for tree

species (Veresoglou and Halley, 2018; Zhu et al., 2012). Many

analyses and observations have been made of poleward shifts of

species range, attributed to global climatic change. For plants in

general, and for orchids in particular, the pattern is harder to see. To

assess overall patterns of movement, north or otherwise, we carried

out an analysis that was ultimately expressed with windrose

diagrams, as in other similar publications (Lazarina et al., 2023).

Our finding for orchids was essentially no different from earlier

results, even with the new data from Plant Atlas 2020. An earlier

analysis (Groom, 2013), including all plant species of Great Britain

using the first two BSBI atlases, found that while there was evidence

of poleward distributional shift in plants, this could not be tied

unequivocally to climatic change. Much of the pattern of movement

could more easily be related to other biotic or abiotic factors that are

likely to affect movement, such as fungi/pollinator availability,

habitat alterations, or competition (e.g. Fay and Calevo, 2024;

Hutchings et al., 2018). For example, Ophrys insectifera is one of

the “losers” in Great Britain (occupancy trend = -1.058, p = 0.001;

see Supplementary Table S3). According to Fay et al. (2015b), this

change can be – among others – attributed to alterations in its

habitat (afforestation of sparse scrub margins) due to management

changes, that also affect its reproductive success by limiting the

availability of its specific pollinator. As well as climatic influences,

some of the main shifts also reflect the greater losses of species in the

most developed regions, notably southern and southeastern Britain

and northeastern Ireland, so the center of mass moves away from
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these regions on each island. For example, for a common species

such as Dactylorhiza fuchsii, greater losses took place in the south

than the north. Its relative center of mass has moved north because

more semi-natural grassland has survived outside the intensively

managed south and southeast.

Are orchid populations declining in the British Isles? The

analysis of linear trends undertaken here at the hectad level

shows that several individual species are declining, although it

does not reveal a significant overall decline of orchid occupancy

either in Britain or in Ireland. This could be because of the

limitation implied in using hectad occupancy as a proxy of

abundance; that using occupied-or-not-occupied at the resolution

of hectads is just too crude to detect major losses occurring at a

much finer scale. Is it possible that the weak trends we observe,

collectively indistinguishable from natural variability, cloak a

disastrous loss of individuals at the level of, say, hectares or less,

“hiding” under the lack of resolution? Several authors have argued

that most orchids surveyed at the population level have shown

substantial decreases (e.g. Bateman, 2022, 2025a; Braithwaite, 2024;

Trudgill, 2022, 2023). What resolution is needed to resolve this

issue? Would we need to improve resolution down to the level of

hectares or even 10 m × 10 m plots or could monad-level resolution

be adequate to define typical orchid clusters (Bateman, 2025a)?

Whilst the recording of individuals by geotagging has been

common practice for decades, especially for demographic studies

(e.g. Hutchings, 1987a, b, 2010; Wells, 1967; Wells and Cox, 1989),

the incorporation of such data into grid-based atlases and databases
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will bring additional challenges regarding not only storage but also

issues with acquisition and organization of national-level

asynchronous recordings of dynamic populations. In addition,

Boyd et al. (2024) point out that if there is the potential for

sampling bias, there will be a trade-off between spatial resolution

and accuracy, since fine-scale estimates tend to be more biased

under non-random sampling. Thus, in the presence of bias, finer

resolution (if not handled carefully) could make things worse.

Chasing ever-improving resolution may not be the best way to

solve the problem.

While it is possible to argue that hectad level occupancy is much

coarser than typical orchid clusters (Bateman, 2025a; Trudgill, 2022,

2023), and therefore that hectad-level results say nothing about the

fate of the orchid populations, it is not so simple. Consider the two

theoretical scenarios depicted in Figure 4 for the distribution of a

single focal species’ population. In the first, a population is

randomly and uniformly distributed over the region, in this case

consisting of just three cells (A, B and C). The scale is much larger

than individual plants, so the average density is the same in the

three cells (Figure 4A, top row). In the other case, the population is

randomly but non-uniformly distributed over the three cells

(Figure 4B, top row). This could happen, for example, with

linearly decaying habitat suitability, allowing greatest abundances

in Cell A where conditions are more optimal and lowest in Cell C

where conditions are poor. Now consider a regime of human

interference that progressively reduces habitat quality everywhere

and in the same way. This might be land-use change, where suitable
FIGURE 4

Two scenarios for the fate of three cells (A–C) suffering habitat deterioration through time, for a single species. Cells may represent hectads,
monads or some other spatial denomination, while dots are individual plants. In both scenarios, the top row is the initial state of the three cells and
the second and third rows the state at later times. The scenarios differ in the clustering: in Scenario 1 (a), all cells begin with similar numbers; in
Scenario 2 (b), most individuals are in Cell A (A>>B>>C). The environment is assumed to be deteriorating at a constant rate, so that on the second
row, in each cell only 25% of individuals survive (binomial trials, with survival probability 0.25) and in the third row only 25% survive from the second
row.
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habitat for the focal species is being steadily converted into non-

habitat. As a result, in both scenarios, we expect the total population

(measured in all three cells) to shrink with time, subject to some

demographic variability, by a characteristic proportion (about 75%

in the simulated example of Figure 4). This would mean that

starting from 36 individuals, nine will remain after the first step,

and then fewer than two after the second step.

In the uniform scenario (Figure 4A), the average population per

cell is about 12 individuals, therefore a 75% drop leads to about

three individuals in every cell, and a further 75% decrease leads to

the extinction in all three cells. The measured occupancy would fall

from all the cells being occupied to none (3:3:0), without any sign of

loss. In this scenario, occupancy masks the decline that occurs at the

finer scale, with occupancy reflecting the real abundances only

when it is too late. By contrast, in the second scenario, the declining

occupancy pattern (3:2:1) reveals information about the declining

population. The intuition is that in this case, there is the successive

extinction in the low-density marginal cells. Initially only cell C is

marginal, so in the first wave of losses (going to row 2) the species is

lost from C, leaving two cells occupied, with the population in B

now becoming marginal. With the further loss, the species also goes

extinct in cell B, leaving only A occupied. In other words, changes in

occupancy capture the decline of the population due to the non-

uniformity of the population density. These scenarios could also

happen in reverse, with the expansion of a species being visible at

the hectad level or not, depending on the distribution of abundance

across multiple hectads (Fois et al., 2018).

More generally: when does measured occupancy reflect

population abundance? This is a question of abundance–

occupancy relationships, which have been widely addressed in

literature (e.g. Bateman, 2025a; Gaston, 1996; Roney et al., 2015;

Ten Caten et al., 2022; Tzortzaki et al., 2017). As in the case of the

second scenario, changes in abundances may be at least partially

inferred when looking at the occupancy, though not in situations

like the uniform case. This overall pattern we expect to hold for any

species and for combinations of species, provided that their spatial

distributions are not heavily interdependent. Thus, while the

stability of hectad occupancy might be “masking” massive

reductions in population (if the density across hectads is similar)

there are also reasons to believe that it could genuinely reflect

stability in population (if there is a spread of densities at this

resolution). Further work in this direction will allow us to draw

more secure conclusions regarding the abundance of orchids in

Britain and Ireland. In particular, more detailed spatial analysis is

needed, especially estimates of characteristic density at different grid

scales for each species, which is the subject of an ongoing study (in

preparation from the same group). We also need a procedure that

can translate changes at the hectad (or monad) level into actual

population changes, or at least capture the trend, without the need

to sample all of the 10 × 10 m squares constituting the British Isles.

It is thus clear that information at a finer spatial scale can potentially

reveal more compelling trends for positive and negative change, but

a theoretical approach using a multi-scale or fractal analysis (Halley
Frontiers in Ecology and Evolution 11
et al., 2004; Loke and Chisholm, 2022), as suggested above, could

further help us gain a much better understanding of the trends of

change at finer spatial scales.
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