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Population variability in species can be deduced from
opportunistic citizen science records: a case study
using British butterflies
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Abstract. 1. Abundance data are the foundation for many ecological and con-
servation projects, but are only available for a few taxonomic groups. In con-
trast, distribution records (georeferenced presence records) are more widely
available. Here we examine whether year-to-year changes in numbers of distri-
bution records, collated over a large spatial scale, can provide a measure of spe-
cies’ population variability, and hence act as a metric of abundance changes.

2. We used 33 British butterfly species to test this possibility, using distribu-
tion and abundance data (transect counts) from 1976 to 2012.

3. Comparing across species, we found a strong correlation between mean
year-to-year changes in total number of distribution records and mean year-to-
year changes in abundance (N = 33 species; > = 0.66). This suggests that
annual distribution data can be used to identify species with low versus high
population variability.

4. For individual species, there was considerable variation in the strength of
relationships between year-to-year changes in total number of distribution
records and abundance. Between-year changes in abundance can be identified
from distribution records most accurately for species whose populations are
most variable (i.e. have high annual variation in numbers of records).

5. We conclude that year-to-year changes in distribution records can indicate
overall population variability within a taxon, and are a reasonable proxy for
year-to-year changes in abundance for some types of species. This finding opens
up more opportunities to inform ecological and conservation studies about pop-
ulation variability, based on the wealth of citizen science distribution records
that are available for other taxa.

Key words. Abundance, biogeography, biological records, inter-annual varia-
tion, population size, range extent.

Introduction factors driving species’ abundance trends, such as the
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(Petrovskii et al., 2014). Measuring population variability
is essential to explore the influence of environmental fac-
tors, such as climatic cycles or food availability, on popula-
tion dynamics (van Schaik & van Noordwijk, 1985; Lynam
et al., 2004). In addition, population variability may be an
important determinant of the likelihood that populations
will survive in habitat fragments, and variability may indi-
cate the sensitivity of populations to climatic fluctuations
(Pimm et al., 1998; Vucetich et al., 2000; Oliver et al.,
2012). Nevertheless, collecting abundance data may be
time-consuming and expensive, and thus many taxonomic
groups lack information on abundance trends and popula-
tion dynamics. In contrast, many more species have large
datasets of distribution records (i.e. unique records of the
presence of species at a given location and date). Such data
are available for a wide range of taxonomic groups, tend to
cover wide areas, span many years, and are often collected
as part of ‘citizen science’ projects (Devictor et al., 2010;
Pocock et al., 2015).

It is well-known that there is a positive relationship
between species’ abundances and distributions (Brown,
1984; Gaston et al., 2000) and very abundant species tend
to have larger ranges (Holt ez al., 1997). Abundance-distri-
bution relationships are general patterns in ecology, but
there are many forms of the relationship (Gaston, 1996),
and these relationships are not necessarily linear (Hartley,
1998). In spite of this complexity, strong relationships have
been found between distribution and abundance, which are
evident over time, large spatial scales and different taxo-
nomic groups (Zuckerberg et al., 2009; Roney et al., 2015).
These relationships allow occupancy changes (changes in
the likelihood of a species’” presence) to be used to estimate
population trends (Tempel & Gutiérrez, 2013), broad biodi-
versity changes to be assessed across multiple taxonomic
groups (Oliver et al., 2015a), and long-term trends in the
frequency of species’ occurrences to be modelled (Pearce &
Boyce, 2006). These long-term occurrence trends have been
shown to be reasonable proxies for abundance trends for
both birds (Kamp et al., 2016) and butterflies (Warren
et al., 2001; Oliver et al., 2015a). But, there is little informa-
tion on the capacity of distribution data to describe other
aspects of population dynamics, such as population vari-
ability, which is an important factor affecting extinction
risk (Inchausti & Halley, 2003; Mace et al., 2008).

A challenge for ecologists is deriving an accurate mea-
sure of population variability when standardised abun-
dance estimates are lacking. The positive associations
between distribution size and abundance suggest that dis-
tribution records could potentially be used in analyses
inferring species’ population dynamics, by acting as prox-
ies for abundance data. If there are strong and predictable
relationships between year-to-year changes in abundance
and year-to-year changes in distribution records, then dis-
tribution records could provide a useful metric for ecolo-
gists to study the factors affecting population variability
in a much wider range of taxa than is currently possible.

In this study, we examine the relationships between
abundance and distribution to assess whether year-to-year

changes in the number of distribution records are strongly
related to year-to-year changes in abundance. We study
British butterflies because there are long-term and fine-
scale data on both distribution and abundance, allowing
robust testing of these relationships. We predict that year-
to-year changes in abundance will be strongly positively
related to year-to-year changes in distribution records,
because increasing numbers of individuals would be
expected to result in an increased likelihood of a species
being recorded. In addition, as a population increases in
size, density-dependent dispersal would be expected to
result in individuals moving away from areas of high pop-
ulation density, thereby increasing the number of sites
where species can be observed (Gaston et al., 2000).

Within this broad topic, we examine three issues. The
first is whether it is possible to identify species with higher
or lower population variability using distribution data — a
between-species comparison. We do this by calculating
average between-year changes in the numbers of distribu-
tion records over time, and comparing these estimates with
measures of variability that are based on fixed-transect
population count data. Secondly, we assess whether distri-
bution records can be used as proxies for inter-annual
changes in abundance in each species separately — a
within-species analysis. Finally, we identify the characteris-
tics of species for which distribution data provide a proxy
for abundance, concentrating on three attributes that can
be deduced from the distribution records themselves (i.e.
not requiring additional ecological or population dynamic
data, which are lacking for many taxa). We selected these
metrics because they are likely to be linked to our statisti-
cal capacity to detect year-to-year variation in abundance
from distribution records: (i) the total number of distribu-
tion records for a species, (ii) how aggregated these records
are in space (using a metric of ‘fractal dimension’ of distri-
bution records) and (iii) the average size of the year-to-
year changes in distribution records (i.e. how much annual
variation there is in distribution records for a species). We
refer to these metrics as ‘biogeographical attributes’, but
recognise that they are also influenced by variation in
recording intensity across species and over time. We also
examine the effect of the spatial scale of the study area on
the relationship between year-to-year changes in distribu-
tion records and year-to-year changes in abundance, by
comparing data analysed at national (UK study area,
30,2800 km?) and regional (county study area, 440 km?)
levels, given that population fluctuations may be syn-
chronous in their dynamics at one spatial scale but not
others (Sutcliffe et al., 1996).

Materials and methods
Study species
We studied 33 species of British butterfly (See Table 1),

including northern and southern species, and resident and
migrant species, over the period 1976 to 2012. This
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Table 1. The goodness of fit of the inter-annual distribution-abundance relationships for 33 butterflies.
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2

Species r D Mean |AD| Fractal D
Aglais io 0.36 407 408 0.10 0.338
Aglais urticae 0.60 442 648 0.13 0.322
Anthocharis cardamines 0.22 220 768 0.11 0.302
Aphantopus hyperantus 0.18 177 673 0.08 0.300
Argynnis aglaja 0.37 28 184 0.10 0.468
Argynnis paphia 0.27 31 324 0.13 0.516
Aricia agestis 0.65 44 785 0.16 0.441
Boloria selene 0.03 20 723 0.11 0.480
Callophrys rubi 0.25 31 394 0.12 0.448
Celastrina argiolus 0.85 165 545 0.26 0.365
Coenonympha pamphilus 0.35 144 788 0.08 0.311
Erynnis tages 0.39 31 119 0.10 0.543
Favonius quercus 0.07 30 622 0.14 0.413
Gonepteryx rhamni 0.34 184 215 0.11 0.390
Hipparchia semele 0.18 22 647 0.09 0.716
Lasiommata megera 0.43 87 900 0.11 0.384
Limenitis camilla 0.48 17 988 0.16 0.520
Lycaena phlaeas 0.66 150 387 0.14 0.332
Maniola jurtina 0.11 459 084 0.07 0.309
Melanargia galathea 0.16 66 946 0.10 0.479
Ochlodes sylvanus 0.29 135278 0.09 0.276
Pararge aegeria 0.10 400 596 0.10 0.375
Pieris brassicae 0.44 458 225 0.13 0.353
Pieris napi 0.25 399 295 0.10 0.303
Pieris rapae 0.32 474 880 0.11 0.370
Polygonia c-album 0.58 223 318 0.14 0.353
Polyommatus coridon 0.47 17 523 0.10 0.669
Polyommatus icarus 0.55 226 639 0.12 0.328
Pyrgus malvae 0.28 17 215 0.12 0.577
Pyronia tithonus 0.13 278 385 0.08 0.331
Thymelicus sylvestris 0.11 134 606 0.09 0.257
Vanessa atalanta* 0.62 384 283 0.18 0.338
Vanessa cardui* 0.92 183 430 0.53 0.342

Latin names with an asterisk (*) indicate migratory species. Presented are the Pearson’s r2 values of the relationship between year-to-year
log;, change in abundance and year-to-year log;, change in total number of distribution records. We checked r, values and found them to
all be positive, indicating that the direction of the relationships below were always positive. Biogeographical attribute values are also
included for each species: total number of distribution records (£D), mean absolute year-to-year change in logo distribution records,

fractal dimension (Fractal D).

study period was selected to maximise the geographical
coverage of data, the length of the time-series of data
analysed and the number of species analysed. We
excluded species without 37 years of abundance and dis-
tribution data. Species that were subject to targeted,
intensive surveying effort during certain years of the
study period were also excluded (Hesperia comma; Tho-
mas & Jones, 1993; Boloria euphrosyne; Brereton, 1998;
and Satyrium w-album; Thomas, 2010), because large
differences in the level of recording effort between years
could bias results.

Distribution records
We computed year-to-year changes in distribution

records based on data collected by volunteers for the But-
terflies for the New Millennium (BNM) recording scheme,

surveying sites in the study area (see below) on an oppor-
tunistic basis using unstructured sampling (Fox et al.,
2015). A distribution record is an observation (recorded
presence) of an individual species at a location on a par-
ticular date. Recording efforts are generally unstructured
(there are no fixed or assigned times, places or methods
for recording) and opportunistic, with little to no guid-
ance given to recorders as to how, when and where to
record, meaning that recording is influenced heavily by
recorder behaviour (Boakes ez al., 2010; Isaac & Pocock,
2015). Recorder behaviour can vary due to encourage-
ment to record in under-represented regions for the pur-
poses of atlas creation or other targeted survey efforts.
Despite these attempts to encourage, spatial and temporal
variation in opportunistic recording effort remains high.
Due to increased recruitment of recorders over time num-
bers of distribution records have increased (see Figure S2),
which is why we de-trended the data prior to analysis.
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The spatial and temporal resolution of BNM distribution
records varies; we excluded records with spatial resolution
coarser than a 10 km x 10 km grid square or with date
ranges spanning more than 1 year. The study area was
the UK, Isle of Man and Channel Islands (3028 hectads
in total). We analysed a total of 5,873,182 distribution
records from 1976 to 2012, after all filtering processes (see
below). The majority of distribution records are indepen-
dent of abundance data (UK Butterfly Monitoring
Scheme (UKBMS) transect), but the distribution dataset
did contain some records sourced from transects. There-
fore, distribution records were excluded if they occurred
within the 1 km grid cell that contained a UKBMS tran-
sect (based on the centroid of the digitised transect route).
This led to 1604 1 km cells being excluded; approximately
5.3% of the UK land area and 26.2% (2 089 886) of
records. Year-to-year changes in log;, distribution records
were calculated for each study species over the 37-year
study period by subtracting the number of distribution
records (log;o-transformed) in year 7~/ from the number
of records in year ¢.

Abundance data

We analysed abundance data from the UKBMS
national collated index (www.ukbms.org). The UKBMS
calculates their index from counts from weekly transect
walks along fixed routes undertaken during the recording
period (April-September) every year since 1976 (see http://
www.ukbms.org/Methods.aspx for full details). Counts
are taken from sites in Great Britain and Northern Ire-
land (1854 transect sites in total). Counts for missing
weeks are estimated by the UKBMS by considering the
area of a GAM curve fitted to observed weekly count
data throughout the year (Rothery & Roy, 2001). The
UKBMS national collated index from 1976 to 2012 is cre-
ated using a log-linear model, with a transect site and year
effect (Brereton et al., 2011), as shown below:

logy(cy) = xi + yi

Where c is the expected count for site i in year j, and
where x; and y; give the means for the ith site and the jth
year. The index is then scaled to a mean of 2, for the pur-
poses of comparing abundance trends across species. This
produces a log;o-transformed abundance index, which we
used in our calculation of population variability. We com-
puted year-to-year changes in log;y abundance by sub-
tracting the abundance index value (logjo-transformed)
for year -1 from the value for year z.

Accounting for phylogeny

Our butterfly species share evolutionary lineages, and
this must be taken into account when analysing species
together in models. All multispecies analyses conducted in
this study accounted for the non-independence of species

using phylogenetically informed linear models with esti-
mated Pagel’s A, using the pgls function of the caper pack-
age in R (Pagel, 1999; Orme et al., 2013), and the
butterfly phylogeny of Brooks et al. (2016). These models
are interpreted by p values indicating the difference
between the phylogenetic correlation /4 value (estimated
using maximum likelihood) and the upper and lower
bounds: 1 (indicating phylogenetic dependence) and 0
(indicating phylogenetic independence). In all our analy-
ses, the phylogenetic correlation was not significantly dif-
ferent from the lower bound, indicating phylogenetic
independence, and so we conclude that phylogeny did not
influence our linear models.

Examining relationships between abundance and distribution
records

First, we explored whether yearly changes in log;o dis-
tribution records (as above) were correlated with yearly
changes in log;o abundance (as above), in a multispecies
analysis with a control for phylogenetic independence (see
section above). We computed overall mean change values
for both variables for each species over the 37-year study
period. In both cases (distribution-record and abundance
changes), we calculated the average absolute magnitude of
the year-to-year changes, rather than directional changes
(positive or negative). We analysed year-to-year changes
rather than absolute numbers each year to de-trend the
data, and to remove any temporal trends in recording
effort. This analysis tests whether species with high popu-
lation variability (on transects) also have high variability
in terms of numbers of distribution records.

Second, we examined each species separately. We calcu-
lated the strength of the relationships between year-to-
year changes in log;, distribution records and changes in
logio abundance using > values from least squares regres-
sions. This relationship is hereafter termed the inter-
annual distribution-abundance relationship and, for each
study species, it reflects the extent to which yearly changes
in log;y numbers of distribution records can be used to
predict population size changes (from transect data).

Third, we examined the influence of three independent
biogeographical attributes on these inter-annual distribu-
tion-abundance relationships to identify species for which
distribution records were adequate proxies for population
change. These attributes were: total number of distribu-
tion records; fractal dimension of a species’ range; and
overall variability in distribution records. We computed
the total number of distribution records collected at any
spatial resolution (10 m to 10 km grid) for a species dur-
ing the study period (1976-2012). Fractal dimension is a
metric of how ‘well-filled’ a species’ range is, based on the
proportion of 10 km grid cells with records within each
occupied 100 km grid cell (Wilson et al., 2004). For each
species, we calculated the total area of all occupied 10 km
and 100 km grid cells, and regressed these values against
the length of the grid cells (10 km and 100 km
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respectively; all values log;, transformed).The slope of the
regression gives a measure (fractal dimension) of how
‘well-filled” a species range is at 10 km scale, where a
slope of 0 indicates a completely filled range, and a slope
of two indicates a minimally filled range (see Figure S1
for two exemplar species; Thymelicus sylvestris, with the
most well-filled range and Hipparchia semele with the
most minimally filled range). For overall variability in dis-
tribution records we used the mean year-to-year change in
log;o distribution records over the study period.

A phylogenetic multivariate regression was then fitted
with the three biogeographical attributes as explanatory
variables and the > value of each species’ inter-annual
distribution-abundance relationship as the response vari-
able. We fitted a fourth term to the model, the quadratic
term of mean year-to-year change in logj, distribution
records, to account for its apparent non-linear relation-
ship with goodness-of-fit (r?) values when relationships
were visually inspected by plotting the data. We tested a
full model, then removed non-significant terms using a
stepwise deletion approach.

We selected these three attributes to test because autoeco-
logical information may be limited for other taxonomic
groups, but these attributes can be easy from distribution
datasets. Because butterflies, however, do have detailed
autoecological information, we tested the influence of disper-
sal ability on the inter-annual distribution-abundance rela-
tionship in PGLS models, using two metrics: dispersal
rankings based on expert opinion (Cowley et al., 2001) and a
mobility score calculated from indices of ecological
information (Dennis et al., 2004). We found no significant
relationship between dispersal ability and the strength of the
inter-annual  distribution-abundance  relationship  (see
Table S2).

Comparison of national and regional inter-annual
distribution-abundance relationships

To investigate whether the goodness of fit of the inter-
annual distribution-abundance relationships varied with
spatial scale, we repeated our analysis of this relationship
at a regional level, for the county of Dorset. We compared
12 values from national and regional inter-annual distribu-
tion-abundance relationships for a sub-set of 23 butterfly
species for the period 1983-2009 (maximum time period
containing abundance data for species in Dorset). Dorset
was selected because of its extensive history of surveying
butterflies (Robertson et al., 1988; Thomas et al., 2001).

Results

Relationship between variability in abundance and
distribution records across species

Across the 33 study species, there was a strong positive
relationship between the mean year-to-year changes in
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Fig. 1. Regressions of the mean year-to-year change in log;o dis-
tribution records against the mean year-to-year change in log
abundance: (a) including all 33 species, with two outlier species
labelled as follows: Celastrina argiolus (1) and Vanessa cardui (2);
and (b) for 31 species, excluding these outlier species.

logo distribution records and mean year-to-year changes
in log;g abundance (Fig. 1la, PGLS, 1 0.95, Fi 31 = 623.8,
P =<0.001), even when two outlier species were removed
(Fig. 1b, PGLS, r*: 0.66, F; 59 = 55.35, P = <0.001). Thus,
species that show high variability in abundance also have
high variability in distribution records, and there was little
evidence for any phylogenetic signal (i.e. results were not
significantly different between models based on estimated
4, and where A was set to 0).

Measuring inter-annual distribution-abundance relationships
within species

For each of our 33 study species, the relationships
between year-to-year changes in logq distribution records
and year-to-year changes in log;q abundance produced an
overall mean 2 value of 0.36, indicating that year-to year
changes in distribution records of UK butterflies provide
a moderate proxy for year-to-year abundance changes.
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Fig. 2. Graphs show inter-annual distribution-abundance relationships for two exemplar species. Plots show year-to-year changes in logq
distribution records and year-to-year change in log;q abundance for Celastrina argiolus (a, c; left panels) and Melanargia galathea (b, d;
right panels). Panels a and b show regressions (each point represents the change between a given pair of years), and panels ¢ and d plot
the same data together in a time-series (solid lines indicate year-to-year changes in log;, abundance, dashed line year-to-year changes in

log;( distribution records).

Eight butterfly species had +* > 0.5, showing that distribu-
tion records were particularly informative in approxi-
mately 25% of study species. Nevertheless, there was
considerable variation among species, with > values vary-
ing between 0.03 and 0.92 (Table 1). Figure 2 highlights
two exemplar species, where the relationship was strong
(Holly blue, Celastrina argiolus, r* = 0.85) and one where
the relationship was very weak (Marbled White, Melanar-
gia galathea, i* = 0.16).

We selected these three attributes to test because autoe-
cological information may be limited for other taxonomic
groups, but these attributes can be easy calculated from
distribution datasets. Because butterflies, however, do
have detailed autoecological information, we tested the
influence of dispersal ability on the inter-annual distribu-
tion-abundance relationship in PGLS models, using two
metrics: dispersal rankings based on expert opinion (Cow-
ley et al., 2001) and a mobility score calculated from
indices of ecological information (Dennis et al., 2004). We
found no significant relationship between dispersal ability
and the strength of the inter-annual distribution-abun-
dance relationship (see Table S2).

Influence of biogeographical attributes

The r* value for each species’ inter-annual distribution-
abundance relationship (i.e. relationships between year-to
year changes in logq distribution records and year-to-year
changes in log;o abundance; as in Fig. 2) was then anal-
ysed in relation to the biogeographical attributes of each
species, which are provided in Table 1. We tested all these
variables in a full model (PGLS, 1* = 0.64, Fy,5 = 12.58,
AIC = —-30.43, P =<0.001; Table 2a). Only mean abso-
lute year-to-year changes in distribution records and its
quadratic term significantly influenced inter-annual distri-
bution-abundance relationships: total number of distribu-
tion records and fractal dimension did not, and were
consequently dropped during model simplification. The
best and most parsimonious model (PGLS, ? =0.63,
F>50=26.02, AIC=-33.70, P =<0.001; Table 2b)
revealed that the strength of the relationship (r* value)
increased with overall variability in distribution records
(Fig. 3). Thus, the results show that species with greater
fluctuations in distribution records over time had stronger
inter-annual distribution-abundance relationships
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Table 2. (a) and (b) Results of full and best models, both with
the goodness of fit (¥ value) of the inter-annual distribution-
abundance relationships as the response variable.

Coefficients Estimate Std. Error ¢ value P
(a)
Intercept —0.333 0.193 —1.724  0.096
Mean year-to-year 6.756 1.385 4.879 <0.001
change in log,
distribution records
Quadratic mean —8.307 2.310 —-3.597 0.001
year-to-year change
in log;, distribution
records
Total number of <0.001 <0.001 0.570  0.573
species records
Fractal dimension —0.025 0.290 —0.086 0.932
(b)
Intercept —0.317 0.128 —2.481 0.019
Mean year-to-year 6.701 1.351 4961 <0.001
change in log)g
distribution records
Quadratic mean —8.214 2.250 —3.660 <0.001

year-to-year change
in log;, distribution
records

Table 2a shows the first, full model with the following
explanatory variables: mean absolute year-to-year change in
distribution records, total number of species records and fractal
dimension. The model summary statistics were: > = 0.64,

Fypg = 12.58, AIC = —30.43, P = <0.001. Table 2b shows the
best model with only one explanatory variable: mean absolute
year-to-year change in distribution records. Model summary
statistics: > = 0.63, F> 50 = 26.02, AIC = —33.70, P = <0.001. In
both models, the quadratic term of the mean absolute year-to-
year change in distribution records was included to account for
the non-linear nature of the relationship, and model results with
estimated 4 were not significantly different from a model with 4
set to 0 (Fig. 3).

(although the effect of variability in records was non-lin-
ear and asymptoted at roughly 0.8; Fig. 3). Two species
(Celastrina argiolus and Vanessa cardui) potentially had
strong effects on our analyses (Fig. 3c), but excluding
these two species did not alter our conclusions (Table S1).

Comparison of national and regional inter-annual
distribution-abundance relationships

The strength of inter-annual distribution-abundance
relationships computed for species at a regional level
(Dorset) were strongly positively correlated with those
computed at the national level (PGLS, r*=0.53,
Fy5 = 2325, P =<0.001; Fig. 4). Therefore, we conclude
that any differences in population synchrony between
national and regional scales had little influence on the
strength of inter-annual distribution-abundance relation-
ships for butterfly species.
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relationship and three biogeographical attributes of the species: (a)
total number of distribution records (PGLS, > = <0.01, Fis =
0.09, P =0.76); (b) fractal dimension (PGLS, ”=0.02, Fis =
0.61, P = 0.44) and (c) mean absolute year-to-year change in log,
distribution records (PGLS, = 0.63, F>30 = 26.02, P =<0.001).
Each dot represents a species; the numbered data points on panel
(c) are Celastrina argiolus (1) and Vanessa cardui (2).

Discussion

We found that citizen-collected distribution data can
be used to extract information about population variability,
in the absence of bespoke abundance monitoring
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Fig. 4. Regression of a national inter-annual distribution-abun-
dance relationship against a regional inter-annual distribution-
abundance relationship (region = county of Dorset) calculated
for 23 butterfly species, indicated by the solid black line. The
dashed line indicates the 1:1 line.

programmes. In particular, mean year-to-year changes in
distribution records were positively related to mean year-
to-year changes in abundance (with outlier species
removed, 2 value: 0.66; Fig. 1). Thus, we were able to iden-
tify species with low and high between-year population
variability quite accurately, using distribution data. This
result supports the ability of unstructured citizen science
data to reflect population-dynamic patterns found in long-
term abundance data, and hence citizen science data may
be useful in multispecies studies for which it is necessary
have an overall measure of population variability (Robert-
son et al., 2015; Gandiwa et al., 2016) where abundance
data are lacking. The ability to recognise species with the
highest levels of population variability may help identify
species that are at greatest risk of stochastic extinction fol-
lowing habitat fragmentation (Pimm et al., 1998; Vucetich
et al., 2000; Oliver et al., 2012), and the most variable spe-
cies may potentially be the most responsive to yearly varia-
tion in climatic conditions (Maclean et al., 2008; Howard
et al., 2015) and to parasitoids or other natural enemies
(Robertson et al., 2015). The findings from these analyses
imply that information from citizen science data can pro-
vide useful input to landscape-scale conservation planning
and to climate-change risk assessments.

When we considered each species in turn, there was
considerable variation in the strength of relationships
between year-to-year changes in distribution records and
abundance among our study species; although these asso-
ciations were always positive, averaging an > of 0.36
across all species (Table 1). These relationships suggest
that there is also some potential to use the distribution
records of individual species to infer their population
dynamics in greater detail (rather than as one metric for
overall variability in the time-series). But, this is only fea-
sible for some species: only eight out of 33 species having

‘strong’ relationships (> > 0.5) between year-to-year
abundance and distribution changes. Thus it should not
be presumed that distribution records can be used as a
substitute for population data in the assessment of inter-
annual change for all species.

Inferring abundance change from distribution data

Many species are declining or facing range retractions
(Hayhow et al., 2016), and it is important to monitor
their population trends. Species with highly variable pop-
ulation dynamics tend to be at high risk of extinction
(Pimm et al., 1998; Vucetich et al., 2000; Oliver et al.,
2012) and thus our measure of variability in distribution
records has ecological value, with the potential to assist
conservation assessments by helping to identify species at
risk of extinction or habitats in need of management
(Meyer et al., 2015; Sanchez-Hernandez et al., 2015). Our
multispecies analysis (Fig. 1) indicates that it is possible
to derive robust estimates of population variability using
distribution data alone.

Despite the promising results, there are two caveats that
we should highlight. In this study, we examined only one
taxonomic group with a high level of recording effort by
citizen scientists. We also included only species with data
in every year of the study period, excluding rare/less well-
studied species. The value of other distribution datasets
with lower recording effort may not be so informative.
Kamp et al. (2016) found that reducing the number of
distribution records resulted in poorer abundance trend
estimates for Danish birds. Even without reducing the
sample size, population trends were misclassified for 50%
of the species they considered. Thus, using distribution
data to infer population changes may require quite
mature citizen science schemes, with substantial numbers
of distribution records. Given that butterflies are a data-
rich taxonomic group in the UK it remains unknown
whether other groups will have sufficient data to replicate
these results. Datasets which may have sufficient data for
this method are butterflies in other countries, or other
taxa in the UK, for which standardised abundance moni-
toring schemes are lacking, e.g. dragonflies.

Our second caveat is that more detailed population-
dynamic interpretations of distribution data only seem
possible for some species. Our finding that citizen science
distribution data explain an average of only 34% of the
year-to-year variation in abundance is unlikely to be suffi-
cient to build meaningful models for examining the sensi-
tivity of populations to environmental drivers, such as
specific climate variables. For example Malinowska et al.
(2014) were unable to detect impacts of extreme weather
events on populations of ectothermic species from distri-
bution records, despite evidence of these impacts from
population data (e.g. Oliver et al., 2015b). In addition,
while we have removed species which have unusually high
levels of recording effort due to species-specific surveys,
not all species are necessary reliably monitored by
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UKBMS, which could result in poor year-to-year distribu-
tion-abundance relationships. For example the purple
hairstreak butterfly (Favonius quercus) occurs in tree cano-
pies, and is therefore difficult to monitor from ground-
based surveys. Other species may suffer from limited
recording for other reasons, such as occurring in restricted
locations or not being identified correctly due to confu-
sion with other morphologically similar species.

Biogeographical attributes

Despite the above caveats, we conclude that year-to-
year changes in distribution records represented an ade-
quate proxy for abundance change in species with large
fluctuations in their occurrence from year to year
(Fig. 3, Table 1). Species with large year-to-year fluctua-
tions in their occurrences, such as migrants, may offer
the greatest statistical power to deduce population
changes from distribution data. Even though two
migrant species and the holly blue butterfly Celastrina
argiolus demonstrate the strongest inter-annual distribu-
tion-abundance relationships, the mean year-to-year
change in distribution records was also an important
variable in predicting the strength of the year-to-year
distribution-abundance relationship for other species.
Therefore, mean year-to-year change in distribution
records may help to identify non-butterfly species where
citizen science distribution data could be used as a ‘re-
placement’” for direct population data. We found that
total numbers of records and fractal dimension did not
significantly influence the inter-annual distribution-abun-
dance relationship. The most parsimonious explanation
for this is that these variables are not important, and
that our hypotheses, that our statistical capacity to
detect year-to-year variation in abundance from distri-
bution records was linked to the total number of distri-
bution records, and fractal dimension, were wrong. We
had predicted that a large total number of records
would mean greater statistical power to find the inter-
annual distribution-abundance relationship. The lack of
a significant relationship between the inter-annual
distribution-abundance relationship and total number of
distribution records could be because patterns of year-
to-year change in distribution records can be similar
those in abundance even when numbers of observations
are low. Recorder behaviour may have biased our
results, as recorders may not record widespread com-
mon species on an ad hoc basis instead favouring nota-
ble records (e.g. rare species), this contrasts the
abundance data that were collected following a struc-
tured survey design where all species seen are recorded.
This could lead to mismatch in abundance and distribu-
tion patterns even for inter-annual changes, as recording
effort varies temporally. Finally, the lowest total num-
ber of distribution records in our study was quite high
(see Table 1), therefore the concerns with low sample
size were not an issue here. Nevertheless, the issue may
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be important to other more poorly recorded taxonomic
groups.

Fractal dimension of species’ distribution also did not
impact the inter-annual distribution-abundance relation-
ship. This might be because even if a range is fragmented,
distribution recorders and transect volunteers still find
and document species in those locations. In addition, if a
species is known to be fragmented (which usually indi-
cates rareness or being at risk of extinction), there may
be a recording bias towards it (Isaac & Pocock, 2015),
which results in good information for that species. There-
fore, species with a high fractal dimension may still have
a positive inter-annual distribution-abundance relation-
ship. Although it should be noted that species which are
very poorly studied, and therefore likely rare and in frag-
mented habitats, were not been included due to the selec-
tion criteria. The study species also had ranges which
were relatively well-filled, with fractal dimension scores
ranging from 0.257 to 0.716 (maximum possible value is
2). It is possible that fractal dimension is an important
factor for highly fragmented species, and there may have
been insufficient variation in this attribute to be impor-
tant to the inter-annual distribution-abundance relation-
ship. Similarly we found no relationship between the
inter-annual distribution-abundance relationship and dis-
persal for butterflies (Table S2). If these variables lack
significant explanatory power even for a well-studied
taxon, then this suggests that they will have limited use
for identifying species in other taxa for which our method
may be appropriate.

Population synchrony and inter-annual distribution-
abundance relationships

The success of year-to-year changes in distribution
records mirroring abundance changes in migratory spe-
cies suggests that population synchrony over large areas
may play a role, and so we examined the impact of
scale on the inter-annual distribution-abundance rela-
tionship by comparing national and county-level analy-
ses. Weak relationships at the national level may occur
if species’ population dynamics are asynchronous, such
that abundances and distributions may be closely linked
locally, but a ‘good year’ in one region might occur
when it is a ‘bad year’ in another region, obscuring any
overall pattern at a national scale. Yet, when we
repeated our national-scale analysis for a much smaller
region (the county of Dorset), the results were similar:
goodness of fit scores across species for the inter-annual
distribution-abundance relationship for Dorset were cor-
related with those for the same species at the national
level (Fig. 4). The majority of species had lower 1 val-
ues for the regional analyses, probably due to reduced
data quantity. The spatial scales at which abundance
and distribution changes are linked deserve more atten-
tion, but our preliminary conclusion is that reducing
the extent of the study region considered does not
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improve the inter-annual distribution-abundance rela-
tionship.

Conclusions

Our key finding that (mean year-to-year changes in) citi-
zen-collected distribution data can provide useful informa-
tion on population variability suggests that it may be
possible to expand our methods to other taxonomic
groups, or to populations of butterflies in countries that
do not have standardised population monitoring schemes.
Such measures of variability can inform habitat, land-
scape and regional conservation decision-making. The use
of distribution data for more detailed analyses of inter-
annual population change is only likely to be possible,
however, for species that have highly variable numbers of
records between years. For these species, it may be possi-
ble to analyse year-to-year population changes across
much longer time periods than covered by transect data
and hence identify how populations are influenced by the
effects of specific weather variables, density dependence,
and any other process that operates at a large geographi-
cal and temporal scale. Further investigation is required,
however, in the feasibility of extending these methods to
other taxonomic groups.
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