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Abstract
Moths form an important part of Scotland’s biodiversity and an up-to-date assessment of their status is needed given their 
value as a diverse and species-rich taxon, with various ecosystem roles, and the known decline of moths within Britain. 
We use long-term citizen-science data to produce species-level trends and multi-species indicators for moths in Scotland, 
to assess population (abundance) and distribution (occupancy) changes. Abundance trends for moths in Scotland are pro-
duced using Rothamsted Insect Survey count data, and, for the first time, occupancy models are used to estimate occupancy 
trends for moths in Scotland, using opportunistic records from the National Moth Recording Scheme. Species-level trends 
are combined to produce abundance and occupancy indicators. The associated uncertainty is estimated using a parametric 
bootstrap approach, and comparisons are made with alternative published approaches. Overall moth abundance (based on 
176 species) in Scotland decreased by 20% for 1975–2014 and by 46% for 1990–2014. The occupancy indicator (based on 
230 species) showed a 16% increase for 1990–2014. Alternative methods produced similar indicators and conclusions, sug-
gesting robustness of the results, although rare species may be under-represented in our analyses. Species abundance and 
occupancy trends were not clearly correlated; in particular species with negative population trends showed varied occupancy 
responses. Further research into the drivers of moth population changes is required, but increasing occupancy is likely to be 
driven by a warming summer climate facilitating range expansion, whereas population declines may be driven by reductions 
in habitat quality, changes in land management practices and warmer, wetter winters.

Keywords Abundance · Citizen science · Lepidoptera · Multi-species indicators · National Moth Recording Scheme · 
Occupancy

Introduction

In recent decades there has been a significant loss of bio-
diversity in the UK, including Scotland (Hayhow et al. 
2016a). Moths form an important component of Scotland’s 

biodiversity, comprising approximately 3% of species (1300 
of an estimated 46,000 in Scotland, Usher 2002) and are 
a diverse and species-rich taxon which plays vital roles in 
ecosystems as food sources for higher trophic levels and in 
providing pollination services (Merckx et al. 2013; Hahn 
and Brühl 2016). As they are found in many different habi-
tats and are sensitive to environmental pressures, changes in 
moth distribution and abundance have potential to be valu-
able ecological indicators.

Across Great Britain (GB), two–thirds of common and 
widespread macro-moths have declined over a 40  year 
period (1968–2007), while others have increased, and the 
overall abundance of macro-moths decreased by 28% over 
the same period (Fox et al. 2013). The potential drivers 
of these population changes have been highlighted (Fox 
2013), including habitat loss, degradation and fragmenta-
tion, for example due to agricultural intensification (Fuentes-
Montemayor et al. 2011; Merckx et al. 2012a), changes in 
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woodland management (Fuentes-Montemayor et al. 2012; 
Merckx et al. 2012b), urbanisation (Merckx et al. 2018), 
chemical pollution, artificial light at night (van Langevelde 
et al. 2018; Wilson et al. 2018) and climate change (Conrad 
et al. 2002; Martay et al. 2016).

Moth recording has been well developed in the UK since 
the 1960s, particularly by the network of traps formed within 
the Rothamsted Insect Survey (RIS, Conrad et al. 2004), and 
by volunteer recorders contributing to the National Moth 
Recording Scheme (NMRS, Fox et al. 2011). However, com-
prehensive and up-to-date individual or multi-species trends 
for moths in Scotland have not typically been available, 
though a composite measure of moth abundance was derived 
for 1975–2004 using RIS data (Scottish Natural Heritage 
2011). This suggested little overall change in common and 
widespread Scottish moths for the period studied. This sta-
tus was corroborated by a study of RIS data for 1968–2007 
which found no significant change in overall abundance of 
macro-moths in northern Britain, but a significant decline 
in southern Britain (Fox et al. 2013).

Until relatively recently, despite the volume of data, 
records from the NMRS had not been used to estimate robust 
changes in species distributions, predominantly due to a 
lack of statistical methods that could account for the sam-
pling bias typical of such opportunistic data (Tingley and 
Beissinger 2009; Boakes et al. 2010; Hassall and Thompson 
2010). Using the Frescalo method (Hill 2012), changes in 
the frequency of occurrence of macro-moth species in GB 
showed a range of responses (Fox et al. 2014), but species 
restricted to northern Britain declined significantly, whereas 
some moth species that reached their northern range limit in 
southern Britain increased.

Recent developments in analysis methods bring greater 
possibilities for measuring changes in both abundance and 
distribution, in particular through developments in statistical 
models for seasonal count data (Dennis et al. 2013, 2016a), 
as well as developments in using opportunistic recording 
data to derive robust occupancy trends (van Strien et al. 
2013; Isaac et al. 2014; Dennis et al. 2017a), which account 
for variation in the probability of species’ detection.

Multi-species indicators are frequently used for assess-
ing the status of groups of species and taxa, for example to 
assess progress towards national and international biodiver-
sity targets (Tittensor et al. 2014; Burns et al. 2018). How-
ever, the methods for producing such indicators are not well 
developed, in particular when trying to account for missing 
data and dealing with sources of error. Calculating multi-
species indices based on the geometric mean of the species-
level indices is a popular choice (Buckland et al. 2011), 
but approaches for accounting for uncertainty vary, from 
bootstrapping at the site-level (Buckland et al. 2005; Den-
nis et al. 2017b), bootstrapping across species (Eaton et al. 
2015; Burns et al. 2018), or more recently incorporating 

standard errors of the species-level indices (Soldaat et al. 
2017; van Strien et al. 2016).

In this paper various recently developed statistical meth-
ods are assessed and tested for producing suitable species-
level trends as well as multi-species indicators. We under-
take an updated analysis of RIS data to assess the abundance 
status of moths in Scotland, as well as producing distribu-
tion trends for moths in Scotland for the first time, using 
opportunistic records from the NMRS. Multi-species indi-
cators are then produced and compared for abundance and 
occupancy.

Methods

Rothamsted insect survey

The RIS monitors nocturnal moth populations through a 
UK-wide network of standardised and automated light-traps 
that are run every night of the year. RIS light-traps tend to 
capture small (Leinonen et al. 1998) but consistent samples 
(Taylor and French 1974) which makes the catches reliable 
and manageable without threatening the moth populations 
being studied (Williams 1952). The small samples also mean 
that the traps are best suited for monitoring common and 
widespread species, for which catches are large enough for 
statistical analysis (Conrad et al. 2006).

In Scotland, counts have been made at 57 RIS traps and 
627 moth species (including 112 micro-moths) have been 
recorded across the network, over the period 1968–2014. 
The RIS was established in 1968 but we focus on the period 
1975–2014, with 1975 being the start year of the previ-
ous moth indicator for Scotland that used RIS data (Scot-
tish Natural Heritage 2009) and 2014 being the last year 
with available data at the time of analysis. Over the period 
1975–2014, moth counts were made at 45 RIS traps in Scot-
land (Fig. S1) which contributed positive counts for a mean 
of 10 years (median = 6 years, range 1–40 years, Fig. S2). 
The mean number of traps with positive counts per year was 
11 (range 8–18).

Annual indices of abundance (for 1975–2014) were 
derived from counts from standard RIS light traps (Williams 
1948; Woiwod and Harrington 1994). To identify species 
with sufficient data for estimating RIS trends, we used simi-
lar criteria to Conrad et al. (2006) and Scottish Natural Her-
itage (2011). Firstly, all 185 species included in the previous 
analysis of moths in Scotland were included (Scottish Natu-
ral Heritage 2011), with the exception of five species which 
were excluded due to potential for misidentification, based 
on expert opinion (Tom Prescott and Mark Parsons, Butter-
fly Conservation). A further 56 species with more than 250 
individuals captured over the sampling period (1975–2014) 
were identified for potential inclusion, but then filtered to 28 
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species by again excluding species with potential for misi-
dentification. 208 species were therefore identified as having 
suitable data for trend analysis.

Producing species‑level abundance trends

We fitted a Poisson generalised linear model with year and 
site factors to annual RIS site indices, using the speedglm 
package (Enea 2017) in R (R Core Team 2018). Sites which 
operated in two or more years were included. Scaled pre-
dicted year effects were used to form each species’ index of 
relative abundance. Species-level trends in abundance were 
then estimated using linear regressions to calculate percent-
age changes for varying time periods, including 1975–2014 
(long-term), 1990–2014 (medium-term) and 2005–2014 
(short-term). For comparison, abundance trends were also 
produced using TRIM (Pannekoek and van Strien 2001) fit-
ted with the rtrim package (Bogaart et al. 2018), as well as 
the spline option of the generalised abundance index (GAI, 
Dennis et al. 2016a), both of which produced similar conclu-
sions (results not shown here).

Following trend estimation for 208 species (as outlined 
above), a further 31 species with potentially unreliable (e.g. 
due to a lack of data) trends were excluded: when the species 
was counted on at least five sites in fewer than 20 years and 
the estimated percentage change was > 250% for either the 
long or medium-term. One species with a change > 2500% 
was also excluded. Thus abundance trends and multi-spe-
cies indicators are presented for 176 species (including one 
micro-moth: Diamond-back Moth Plutella xylostella). For 
the short-term trend (2005–2014), one further species (Cab-
bage Moth Mamestra brassicae) was excluded as its index 
was estimated for an insufficient number of years to produce 
a trend for 2005 onwards.

National moth recording scheme (NMRS)

Species occurrence records for macro-moths (based on the 
definition of Fox et al. 2014, defined as Lepidoptera fami-
lies: Hepialidae, Cossidae, Zygaenidae, Limacodidae, Sesii-
dae, Lasiocampidae, Saturniidae, Endromidae, Drepanidae, 
Geometridae, Sphingidae, Notodontidae, Erebidae, Nolidae 
and Noctuidae) in Scotland were obtained from the NMRS 
run by Butterfly Conservation (Fox et al. 2011). The records 
were collated from citizen scientists and verified by expert 
volunteers during past and ongoing recording for national 
and local distribution atlases (e.g. Heath and Emmet 1983; 
Hill et al. 2010). For Scotland, sufficient NMRS data are not 
available for many species back to 1975, therefore we chose 
a base year of 1990 for the occupancy analysis, comparable 
with the medium term RIS trend.

For initial filtering of species for the period 1990–2014 
we used the species list in Fox et al. (2014), where species 

were excluded (i) that were non-resident species; (ii) that were 
subject to recent taxonomic revision; (iii) for which record-
ing methodologies changed during the sampling period (e.g. 
most Sesiidae were excluded because the recent introduction 
of pheromone lures has greatly improved detection rates); and 
(iv) that occurred in fewer than 10 grid squares of the Ord-
nance Survey National Grid in the sampling period.

This left us with 508 species recorded in Scotland from 
1990 to 2014, consisting of a total of 919,269 NMRS records. 
Species believed to have sufficient data to estimate occupancy 
indices and trends for 1990–2014 were then selected, based on 
three criteria chosen by expert judgement: being first recorded 
before 1995, recorded in at least 15 years of the 25 year period, 
and having an average of at least 30 records per year. A further 
five species were excluded due to their potential for misiden-
tification; therefore occupancy analysis was performed for 
230 species. The locations of records for these 230 species 
are shown in Fig. S3.

Producing species‑level occupancy trends

The NMRS data consist of opportunistic records which are 
not collected using a single protocol, but are instead a colla-
tion of both structured and unstructured biological observa-
tions. Here we apply a classical occupancy approach based 
on Dennis et al. (2017a) which analysed similar data for UK 
butterflies. The approach described below was used to estimate 
species-level occupancy trends for 1990–2014 (medium-term) 
and 2005–2014 (short-term).

Occupancy models (MacKenzie et al. 2002) allow for 
imperfect detection as well as inference on a parameter denot-
ing occupancy probability, but require records of both detec-
tion and non-detection at a range of sites. Sites are defined here 
as a 1 km × 1 km grid square of the Ordnance Survey National 
Grid. Hence for opportunistic data, for a given target species, 
records of all other species are used to provide non-detection 
records (Kéry et al. 2010). Details of the modelling approach 
are given in outline here (see Dennis et al. 2017a for more 
information). Variation in occupancy across sites is described 
in terms of a set of covariates. For the NMRS data, for any 
particular species, we model the occupancy probability, �i,t , 
for a given site i and year t as a quadratic function of easting 
and northing on the logistic scale as follows

Detection probability, for the jth visit to site i and year t, is 
described by

where Gi,t,j is the list length (number of species recorded on 
visit j to site i in year t) and Vj represents seasonal variation 

logit
(
�i,t

)
= �0,t + �1,tnorthi + �2,teasti + �3,tnorth

2
i
+ �4,teast

2
i
.

logit
(
pi,t,j

)
= �0,t + �1,tlog

(
Gi,t,j

)
+ �2,tVj,
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by the proportion of records made of the species of interest 
per week (across all years).

For a given species, an occupancy model was fitted sep-
arately to data for each year using the unmarked package 
(Fiske and Chandler 2011) in R, where maximum likelihood 
estimates of all of the � and � parameters are obtained. For 
a given species and year t, the occupancy index is expressed 
as the proportion of sites occupied, given by

where �̂�i,t is estimated for each of N = 9779 1  km grid 
squares in Scotland with at least one record from the NMRS.

In Dennis et al. (2017a), confidence intervals for It were 
estimated using a parametric bootstrap approach, but we 
have found this approach can sometimes underperform in 
cases with limited data. Hence we instead use the Delta 
method (Morgan 2009) to approximate the variance of It as

where

and ∑t is the estimated variance–covariance matrix for the 
parameters of the occupancy component of the model for 
year t.

Occupancy trends were estimated by fitting weighted 
logistic regressions to account for the (0, 1) scale of the 
occupancy indices, using the estimated standard errors of the 
occupancy index as weightings. Percentage changes for each 
time period were then estimated from the predicted values 
from the regressions. For 24 species where the occupancy 
index started later than 1990 (but not later than 1995), trends 
for 1990–2014 were estimated by predicting back to 1990, 
based on the weighted linear regression.

For comparison, occupancy models were also fitted using a 
Bayesian approach described in Isaac et al. (2014), implement-
ing code from the Sparta package in R (August et al. 2015).

Producing multi‑species indicators

Multi-species indices were constructed separately for abun-
dance and occupancy by calculating the geometric mean of 
the species-level indices (Buckland et al. 2011). We used 
the approach taken in the BRCindicators R package (August 

It =
1

N

N∑
i=1

�̂�i,t,

var
�
It
�
=

⎧⎪⎨⎪⎩
1

N

N�
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⎛⎜⎜⎜⎝
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zi,t × northi

⋮
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,
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, yi,t = �0,t + �1,tnorthi + �2,teasti

+ �3,tnorth
2

i
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2

i
,

et al. 2017), which accounts for cases where the species-
level index starts later than the first year, or finishes earlier 
than the final year. In brief, where a species enters the indi-
cator after the first year, the first year of that species’ index 
is set to the geometric mean of the series for species that are 
already in the indicator for that year. Furthermore, species 
that leave the dataset early are held at the last value for the 
remaining missing years.

Trends were estimated by applying linear regressions to the 
indicators, and a smoothed indicator was estimated by apply-
ing a generalised additive model to the indicator using the 
mgcv package in R (Wood 2006), where the smoothing level 
was chosen automatically using Generalized Cross Validation.

Confidence intervals for the abundance and occupancy indi-
cators were estimated using a parametric bootstrap approach: 
(i) species-level index values were sampled 1000 times from 
a normal distribution with estimated mean and standard error 
of the index for each species and year. The composite indica-
tor was then estimated as above for each of the 1000 samples, 
and confidence intervals formed by taking the 95% quantiles. 
Confidence intervals for the linear trends and smoothed indica-
tor were calculated using the same approach.

For comparison, we explored several alternative 
approaches for estimating the uncertainty of the abundance 
indicator: (ii) bootstrapping across species (resampling the 
species-level indices, see for example Eaton et al. 2015); (iii) 
bootstrapping from the site-level data (i.e. resampling to pro-
duce 500 indices for each species, collated to 500 indicators 
from which quantiles were estimated, Buckland et al. 2005); 
and (iv) using the Multi-Species Indicator tool (Soldaat et al. 
2017), which can be implemented using the BRCindicators 
R package. Bootstrapping site-level data (option iii) accounts 
for sources of uncertainty from all stages of modelling but 
is not always practical, whereas option (ii) (bootstrapping 
the species-level indices) does not account for the standard 
errors of the estimated abundance indices, and assumes that 
the set of species is representative of the whole community 
of interest. The parametric bootstrap (i) and MSI approach 
(iv) both incorporate the standard errors of the estimated 
indices via resampling approaches. The MSI approach is 
based upon Monte Carlo simulation and performs smooth-
ing by LOESS-regression. Soldaat et al. (2017) showed via 
simulation that bootstrapping by sites produced slightly 
wider confidence intervals than the MSI approach.

For the occupancy indicator, confidence intervals were 
produced using approaches (i) and (ii). Furthermore (v), 
an indicator was also produced from species occupancy 
indices estimated by the Bayesian occupancy modelling 
approach, again by the geometric mean, however the con-
fidence intervals were instead formed by taking samples 
from the posterior densities for the species occupancy 
indices (Isaac et  al. 2018), rather than the resampling 
approaches tested in the classical case.
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Results

Abundance trends and indicators

In each of the three time periods considered, more moth 
species decreased significantly in abundance than increased 
(Table 1; Fig.  1). Of the species with significant trend 
estimates, 60%, 92% and 73% were negative for the long, 
medium and short-term respectively. Individual species 

abundance trends are given in the supplementary material. 
In each time period assessed, the majority of species showed 
no significant overall change, and the proportion increased 
as the time period shortened (48% of species 1975–2014; 
64% 1990–2014; 87% 2005–2014), corresponding to reduc-
ing sample sizes.

The multi-species indicator (based on 176 species using 
the parametric bootstrap option i) shows a significant decline 
in overall abundance for each of the three time periods 
(Table 2). However, as can be seen from Fig. 2, abundance 
increased in the early part of the series, but has subsequently 
declined since the early 1990s. These findings are in keeping 
with the previous analysis of Scottish RIS data for 1975–2004 
(Scottish Natural Heritage 2009), which showed the overall 
moth trend to be stable (+ 2.6% based on 185 species).

Similar conclusions can be made from estimating the con-
fidence intervals for the abundance indicator by bootstrap-
ping across species (option ii) or sites (option iii, see Table 2 
and Figs. S4 and S5), although in both cases the confidence 
intervals of the indicator are slightly wider, which influ-
ences the estimated significance of the trends. The MSI tool 
(option iv, Soldaat et al. 2017) produced a similar abundance 
indicator to the geometric mean approach (Fig. S6), with 
some overlap in the confidence intervals for the unsmoothed 
indicators, but there are some differences in the smoothed 
indicators, which may be influenced by differences in the 
choice of smoothing between the two methods. Confidence 
intervals produced by the MSI tool for the smoothed indica-
tor are also considerably narrower than those produced by 
the parametric bootstrap. The trends estimated by the MSI 
tool (− 29% for 1975–2014 and − 6.2% for 2005–2014) are 
also negative, but do not always fall within the confidence 
intervals in Table 2.

Occupancy trends and indicators

For both 1990–2014 and 2005–2014 the majority of spe-
cies showed no significant overall change in occupancy 
(Table 3), and in each time period similar numbers of species 
showed significant positive and negative changes. Ignoring 

Table 1  Number of species with each abundance trend classification 
for each time period

Changes are classified as significant at the 5% level

Trend class 1975–2014 1990–2014 2005–2014

Sig. positive 36 5 6
No sig. change 85 113 153
Sig. negative 55 58 16
Total 176 176 175

Fig. 1  Summary of 176 species abundance trends (log(trend + 100)) 
for varying time periods, with indication of the percentage of species 
belonging to each of four significance categories, where changes are 
classified as significant at the 5% level. The dashed horizontal line 
represents zero change. (Color figure online)

Table 2  Estimated trends from 
the abundance indicator for 
moths in Scotland

The associated 95% confidence intervals shown are derived from (i) a parametric bootstrap approach using 
the standard errors of the species-level indices (ii) bootstrapping the species-level indices (iii) bootstrap-
ping from the site-level data
*p < 0.05, **p < 0.01, ***p < 0.001

Time period % Change 95% CI

(i) Parametric bootstrap (ii) Bootstrap by species (iii) Bootstrap by sites

1975–2014 − 20.4 (− 23.1, − 15.1)*** (− 33.0, − 5.5)** (− 29.1, 2.2)
1990–2014 − 45.7 (− 49.5, − 38.9)*** (− 54.9, − 35.2)*** (− 57.6, − 33.5)***
2005–2014 − 16.0 (− 25.4, − 7.6)*** (− 27.6, − 2.8)* (− 37.4, − 13.1)***
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significance, a greater proportion of species showed positive 
trends (Fig. 3). The full lists of species occupancy trends for 
1990–2014 and 2005–2014 are given in the supplementary 
material.

The multi-species indicator (based on 230 species using 
the parametric bootstrap option i) shows an increase in occu-
pancy over both periods of assessment (Fig. 4; Table 4). 
Conclusions from estimating the confidence intervals for 
the occupancy indicator from the parametric bootstrap (i) 
or bootstrapping over species (ii) are similar (Table 4 and 
Fig. S7), although the intervals from the latter are slightly 
narrower, which is in contrast to the findings for the abun-
dance indicators.

The indicators from the Bayesian (Sparta) and classi-
cal occupancy approach show similar increases overall, 
with some overlap in the confidence intervals for both the 
unsmoothed and smoothed indicators (Fig. S8), although 
the intervals from the Bayesian approach are somewhat nar-
rower, and the estimated smoothed line is close to linear. 
Percentage changes from the Bayesian approach are of a 
similar order to those in Table 4 (14.1% for 1990–2014 and 
9.0% for 2005–2014).

Comparing abundance and occupancy

Trends in both abundance (from RIS) and occupancy (from 
NMRS) were estimable for 164 moth species for 1990–2014 
and 2005–2014. Abundance indicators estimated for the 
same 164 species were similar to those with the full set of 

Fig. 2  Moth abundance indicator (black) and smoothed indicator 
(red), with 95% confidence intervals derived via the parametric boot-
strap approach. The indicator is scaled with respect to a 1975 baseline 
year (dashed line). (Color figure online)

Table 3  Number of species with each occupancy trend classification 
for each time period

Changes are classified as significant at the 5% level

Trend class 1990–2014 2005–2014

Sig. positive 60 22
No change 119 188
Sig. negative 51 20
Total 230 230

Fig. 3  Summary of 230 species occupancy trends (log(trend + 100)) 
for two time periods, with indication of the percentage of species 
belonging to each of four significance categories, where changes are 
classified as significant at the 5% level. The dashed horizontal line 
represents zero change. (Color figure online)

Fig. 4  Moth occupancy indicator (black) and smoothed indicator 
(red), with 95% confidence intervals derived via the parametric boot-
strap approach. The indicator is scaled with respect to a 1990 baseline 
year (dashed line). (Color figure online)
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species, although there were some differences in the esti-
mated occupancy trends, with only a slight overlap in confi-
dence intervals for 1990–2014 (Fig. S9 and Table S1).

Overlooking significance, population trend estimates for 
1990–2014 were negative for 70% of species, compared to 
negative occupancy trends for 46% of species (Table 5). 
Population trend estimates were significant for 58 species, 
of which most were negative (91%), compared to significant 
occupancy trends for 76 species, of which roughly half were 
negative (51%).

The abundance and occupancy trend estimates have 
a small positive correlation (Spearman’s rank correla-
tion ρ = 0.17, p = 0.029). The tendency for more positive 
occupancy trends (Wilcoxon signed rank test: V = 9739, 
p < 0.001) is shown in Fig. 5, as well as the greater range 
in magnitude of abundance trends than occupancy trends. 
Species with negative abundance trend estimates are accom-
panied by a range of positive and negative occupancy trend 
estimates. The most extreme negative abundance trends 
were typically associated with negative or stable occupancy 
trends. 13 species had significant trends of opposite signs 
for abundance and occupancy, 12 with significantly negative 
abundance trends but significantly positive occupancy trends 
(the greatest difference between trends was for Common 
Wainscot Mythimna pallens: − 79% abundance and + 177% 
occupancy) and one had a significant positive abundance 
trend but a significantly negative occupancy trend (Small 
Phoenix Ecliptopera silaceata).

Discussion

We have produced an updated assessment of moth popu-
lation trends in Scotland, as well as estimated changes 
in Scottish moth occupancy for the first time. Abundance 
and/or occupancy trends were calculable for 242 species 
(43% of the total), including abundance trends from RIS 
data for 176 species (31%) and occupancy trends from 
NMRS data for 230 species (41%). To our knowledge, 
these analyses provide the first direct comparison of abun-
dance and occupancy trends for a large group of moth 
species.

Table 4  Estimated trends from the occupancy indicator for moths in 
Scotland

The associated 95% confidence intervals shown are derived from (i) 
a parametric bootstrap approach using the standard errors of the spe-
cies-level indices (ii) bootstrapping the species-level indices
* p < 0.05, ** p < 0.01, *** p < 0.001

Time period % Change 95% CI

(i) Parametric 
bootstrap

(ii) Bootstrap by 
species

1990–2014 15.8 (12.7, 22.4)*** (8.1, 24.0)***
2005–2014 4.5 (3.4, 7.5)*** (0.4, 9.0)*

Table 5  Comparison of 
abundance and occupancy 
trends for 1990–2014 for 164 
moths species

Changes are classified as significant at the 5% level

Occupancy

Sig. negative Negative Positive Sig. positive Total

Abundance
 Sig. negative 16 11 14 12 53
 Negative 16 10 21 15 62
 Positive 6 13 17 8 44
 Sig. positive 1 2 0 2 5
 Total 39 36 52 37 164

Fig. 5  Comparison of abundance and occupancy trends for 1990–
2014 for 164 species. All trends are on the log(trend + 100) scale. 
Dashed lines represent zero change and the dotted line indicates 
equivalent estimates of abundance and occupancy. Colour of the 
points classifies the significance of the trends (as significant for nei-
ther, both or only abundance or occupancy), where changes are clas-
sified as significant at the 5% level. (Color figure online)
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Although multi-species indicators provide a useful and 
effective summary of biodiversity change, the underly-
ing species-level information is unseen and species-level 
abundance and occupancy trends for moths in Scotland 
show a mixture of changes. For example, despite the over-
all decrease in abundance for 1990–2014, estimated popu-
lation trends were positive for 29% of species, although 
only five species had significantly positive trends. Simi-
larly and conversely, despite an overall increase in occu-
pancy, 41% of species were estimated to have negative 
occupancy trends for 1990–2014, with 51 species having 
significantly negative occupancy trends.

A previous analysis of RIS data for Scotland (Scot-
tish Natural Heritage 2009), showed the overall trend 
to be stable (+ 2.6% for 1975–2004). We have updated 
this indicator using similar species selection criteria and 
modelling methods, and having evaluated the trend for the 
same period produced an estimate of a similar magnitude 
(+ 5.1% for 1975–2004).

An estimate of population change for moths across GB 
as a whole is not currently available for the same time 
period, but the estimated change over a 40 year period 
(− 28% for 1968–2007, Fox et al. 2013) showed a decline 
of a broadly similar order to the 40 year trend of − 20% 
estimated here for Scotland, which may indicate that moths 
in Scotland are declining at a similar rate to those across 
GB. A decline in overall moth abundance has also been 
found in the Netherlands (Groenendijk and Ellis 2011).

To our knowledge, moth occupancy trends or other esti-
mates of distribution change are not available for Scotland, 
from which to make direct comparisons with the trends we 
estimated. For GB, changes in frequency of occurrence 
have been estimated for 1970–1990 versus 2000–2010 
(Fox et al. 2014), and suggested an overall decrease, but 
with a variety of changes among the 673 species consid-
ered. Species classified as geographically widespread in 
GB showed an overall decrease, but trends calculated for 
widespread species for northern GB showed no signifi-
cant change in frequency of occurrence (Fox et al. 2014). 
In our occupancy analysis of 230 species in Scotland, all 
but one species (Pretty Pinion Perizoma blandiata) would 
be classified as widespread in GB based on the criteria 
in Fox et al. (2014), and despite the overall increase in 
occupancy estimated, species-level trends showed a simi-
lar mixed pattern of changes to Fox et al. (2014). However 
we should note the differences in the methods used and the 
time periods considered.

Species with negative abundance trends showed a mix-
ture of increasing and decreasing occupancy trends. The 
lack of strong correlation between species abundance and 
occupancy found for Scottish moths contrasts with previous 
studies on GB butterflies (Warren et al. 2001; Mair et al. 
2014), and cautions against routinely combining both types 

of information in multi-species indicators (e.g. Hayhow et al. 
2016a; van Strien et al. 2016). Van Dyck et al. (2009) also 
observed some contrasts in species changes in abundance 
and distribution for butterflies in the Netherlands.

Suitably categorising species-level trends can be difficult, 
and here we considered changes both in terms of significance 
but also magnitude, since significance is influenced by sam-
ple size (Burns et al. 2018). Species trends have also been 
plotted explicitly, rather than using popular proportional bar 
plots, in order to better visualise the variation in species 
abundance and occupancy trends (Dennis et al. 2018).

Recent work has shown that some British moth popula-
tions have undergone large declines and/or range changes, 
and correlative studies and extrapolation from closely related 
taxa suggest that agricultural intensification, changes in 
woodland management and climate change are likely to be 
major drivers (Fox 2013). The strength of evidence available 
to assess the drivers of change in moth species is substan-
tially lower than that available for some other animal groups 
(Burns et al. 2016) and there is a need for further research; 
hence it is difficult to draw solid conclusions on the drivers 
of the changes found for Scottish moths in this paper. Cli-
mate change is likely to be driving the accelerating north-
ward range expansions recorded for moths in GB (Mason 
et al. 2015) and therefore the corresponding increases in 
occupancy, whilst being countered for some species by 
negative land management and habitat changes, leading to 
population declines.

Negative environmental changes in Scotland, which may 
have affected moths, include: commercial afforestation and 
associated drainage of blanket peat bog; decline in mixed 
farming; loss/declining quality of semi-natural grassland and 
moorland through liming, fertilizing, reseeding and over-
grazing by livestock; increased extent of built land; loss of 
broad-leaved and mixed woodland habitat; increased deer 
grazing pressure and the greater fragmentation and isolation 
of semi-natural habitats (Scottish Natural Heritage 2009; 
Hayhow et al. 2016b). It is also possible that some of these 
changes will have had positive effects for some moth species, 
especially those that use coniferous trees as larval hostplants. 
It should be noted that Scotland has a Biodiversity Intactness 
Index (a measure of the degradation of natural ecosystems) 
in the lowest fifth of 218 countries analysed (Newbold et al. 
2016).

Negative population changes may also be driven by vari-
ous other influences. For example, warmer wetter winters 
(which are increasing under climate change) have been 
shown to negatively impact some moths (Conrad et al. 2002; 
Hunter et al. 2014) and butterflies (Dennis et al. 2016b; 
McDermott Long et al. 2017), and there is also growing evi-
dence for negative impacts from light pollution (Macgregor 
et al. 2015; van Langevelde et al. 2018).
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The species for which it was possible to produce trends, 
based on the specified selection criteria, were typically 
common and widespread species, whereas rare and range-
restricted species may be underrepresented due to a lack 
of sufficient data for the modelling approaches used. The 
median northing of the ten most northerly records for each of 
the 230 species was greater in 2005–2014 than 1990–1999 
for 70% of species, suggesting the positive trend in the 
occupancy indicator is therefore likely to represent range 
expansion of widespread species which are benefiting from 
climate warming (Fox et al. 2014). Such changes would be 
consistent with the general pattern of poleward range expan-
sions documented for other taxa in Britain and globally 
(Hickling et al. 2006; Chen et al. 2011).

We derived abundance and occupancy indicators, and 
associated multi-species trends, using published methods 
that are used in UK and European species biodiversity indi-
ces. To our knowledge, the estimation of the uncertainty 
for the indicators used is novel, but has similarities with 
the approach of Soldaat et al. (2017). Generally, the out-
comes from the various methods considered were similar, 
and unlikely to lead to different overall conclusions being 
drawn, providing reassurance that the indicators developed 
were relatively robust to the methodology used.

In the case of abundance, the parametric bootstrap, which 
incorporates the estimates of uncertainty associated with the 
species-level indices, produced slightly narrower confidence 
intervals than those produced by either bootstrapping from 
the species or site level. Bootstrapping across species does 
not account for the uncertainty of the species-level indices, 
assumes that the species set is representative of all species 
in the community of interest (Buckland and Johnston 2017; 
Soldaat et al. 2017), and tends to estimate greater uncer-
tainty (Buckland et al. 2005). Interestingly, the intervals for 
the occupancy indicator for moths in Scotland were wider 
from the parametric bootstrap than bootstrapping across spe-
cies, perhaps because the latter approach does not incorpo-
rate the uncertainty associated with the species-level occu-
pancy indices.

Bootstrapping at the site-level may be considered the 
“gold standard” approach, by accounting for sources of 
uncertainty from all stages of modelling, but in practice this 
approach is not always viable either due to the computational 
demands when working with large volumes of data, or when 
there is a lack of underlying survey design or when data-
sets from multiple sources are used (Buckland and Johnston 
2017). In this case, it is also possible that the outputs require 
some caution due to the relatively small sample size for RIS 
sites in Scotland. The MSI tool (Soldaat et al. 2017) has 
similarities with the parametric bootstrap proposed in this 
paper and produced similar unsmoothed indices, although 
the implemented smoothing resulted in much narrower 
confidence intervals. Further comparisons, for example via 

simulation, may provide additional insights on the relative 
differences and merits of the methods considered here. An 
additional approach, not considered in this paper, estimates 
uncertainty based only on the interannual variation of the 
indicator (Soldaat et al. 2007). Two pitfalls of all the meth-
ods considered here, and to our knowledge of the currently 
available methods, is the potential for poor index estimation 
in the baseline year (Buckland and Johnston 2017) and the 
relatively ad hoc approach in which missing data are dealt 
with, for example when species indices start later than the 
baseline year.

The classical approach used to calculate the occupancy 
trends was chosen as it can produce robust trends in a 
computationally efficient manner. This approach has been 
shown to produce similar occupancy trends to a Bayesian 
occupancy approach (Isaac et al. 2014) for a sample of UK 
butterflies (Dennis et al. 2017a). The two approaches pro-
duced similar multi-species trends for Scottish moths but 
with differences in the indicators themselves, although there 
were differences in the implementations, for example in the 
covariates used for the detection probability. The choice of 
model could warrant further investigation, for example by 
exploring alternative, less informative priors for the occu-
pancy approach (Outhwaite et al. 2018), or the testing of 
other occupancy approaches (van Strien et al. 2013), but in 
practice computationally efficient methods are needed when 
frequent updates of biodiversity indicators are desired, which 
can be difficult when fitting models to large-scale citizen 
science data with potentially limited resources. Although 
beyond the scope of this analysis, additional spatial covari-
ates could be identified in order to use occupancy models 
to produce finer-scale analyses of changes in occupancy 
of moths in Scotland, and potentially assess changes via 
dynamic maps (Dennis et al. 2017a).

Although the abundance indicator presented suggests 
a clear signal, some caution is needed given the relatively 
small number of traps within the RIS network in Scotland, 
and the tendency for the counts to be small. There is also 
a risk of bias in the indicators through underrepresenting 
rare and other specialist moths, as well as day-flying moths, 
by the use of potentially conservative selection criteria. In 
particular our selection criteria for the occupancy trends may 
be considered as strict, but we would favour limiting species 
inclusion to trends supported by a reasonable quantity of 
data. However it is possible that alternative selection cri-
teria could be explored. The increasing occupancy trends 
presented here are likely being driven in part by a warm-
ing climate facilitating range expansion, as well as possible 
other drivers such as changes in woodland management. 
However, the benefits brought about by the warming sum-
mer climate, are potentially being cancelled out by warmer 
and wetter winters and other environmental changes, leading 
to population declines.
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The trends and indicators produced here suggest a need 
for further research to better understand the drivers of recent 
changes in moth populations in Scotland. The grouped meas-
ures of moth abundance and occupancy are comprised of a 
diverse number of predominantly generalist species. Given 
that moths are one of the most species-rich wildlife groups 
in Scotland and have many attributes that make them strong 
candidates as biodiversity indicators, we believe they could 
play a highly valuable role in assessing the changing state 
of biodiversity in Scotland and where data is available, in 
other countries.
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