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Abstract 
While some species rapidly decline, compromising vital ecosystem services, others are stable or even increasing in abun-
dance. We studied shifts in species richness and abundance of moths over five decades in Central Sweden and examined 
whether and how changes were associated with phenotypic traits. We combined information from captures in a light trap in 
historical time (the 1970s) and contemporarily (2019) with provincial colonisation records. Both community species richness 
and the abundance of moths increased between the time periods. A large fraction (38%) of the 410 species were not present 
in both periods, 101 species had colonised the area (an estimated influx of about 2.5 new species per year), and 51 species 
had disappeared (an estimated local extinction rate of about 1.16 species per year). Abundance increased with an increas-
ing number of host plants and with increasing colour pattern variation. The composition of the community shifted towards 
species characterised by smaller wingspan and larger ranges. The functional trait variability of the moth community was 
homogenised from the historical to the contemporary period, in line with reports from other species communities in modern 
landscapes. However, our finding of a concomitant increase in species richness and total abundance differs from the results 
of many recent studies of insect communities in other geographic regions.
Implication for insect conservation  We conclude that the entire boreal moth fauna is undergoing a substantial biogeographical 
shift, changing to the moth species historically occurring at more southern latitudes. The alterations in species composition, 
overall abundance, and community-wide trait distribution described here may cascade up and down in the ecosystem because 
moths are important pollinators, herbivores, and prey.

Keywords  Abundance · Biodiversity trends · Climate change · Land-use change · Moth · Population dynamic · Species 
richness

Introduction

We are facing the sixth mass extinction (Dirzo et al. 2014). 
While many populations are rapidly declining, com-
promising vital ecosystem services, others are stable or 
even increasing (Antão et al. 2020; Crossley et al. 2021; 
Macgregor et al. 2019). Insects are the most species-rich 
group of animals and provide important ecosystem services 

(e.g., pollination) and disservices (e.g. crop and forest dam-
age, disease transmission) (Gaston 1991). Recent reports 
of declines in abundance, distribution, and species richness 
of insect communities worldwide are alarming and a cause 
of great concern (van Klink et al. 2020), and yet it is still 
debated whether claims of catastrophic collapse of the insect 
fauna (Crossley et al. 2020; Lister and Garcia 2018; Wagner 
et al. 2021) are justified (Schowalter et al. 2021; Thomas 
et al. 2019). Some studies report that insects fluctuate greatly 
over time with halting losses observed in recent decades 
(Carvalheiro et al. 2013), lack of any clear trends (Crossley 
et al. 2020), and even tendencies that species richness and 
abundance have increased, such as in northern UK, Finland, 
and parts of North America (Antão et al. 2020; Macgregor 
et al. 2019; Crossley et al. 2021). The above variability 
and inconsistency of outcomes point to context-specific 
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responses to environmental change. For example, in temper-
ate areas, where historical factors limit species distributions, 
there should be ample opportunities for northward range 
expansions and increased abundances following climate 
change, reviewed in Forsman et al. (2016).

Long-term persistence and successful establish-
ments in new areas require suitable environmental 
conditions(Parmesan and Yohe 2003; Pöyry et al. 2016). 
Previous studies of moths suggest that, in general, species 
that occupy large geographic ranges and are characterised 
by a generalist lifestyle, high mobility, and highly variable 
colour patterns are better able to cope with changing envi-
ronments, colonise new habitats, and avoid local extinction 
(Forsman et al. 2020; Franzen and Johannesson 2007; Nils-
son et al. 2008). Conversely, specialised species are gener-
ally believed to suffer most from environmental change. Still, 
under certain circumstances, specialists can also take advan-
tage of emerging environmental conditions. For example, it 
is advantageous to specialise in resources favoured by soil 
eutrophication (Betzholtz et al. 2013). Indeed, evidence is 
mounting that, depending on the combination of trait values, 
some species can cope relatively well with current rates of 
environmental changes while others can not (Ceballos et al. 
2020; Parmesan and Yohe 2003), but see (Crossley et al. 
2021). The resulting loss of specific species traits and more 
homogeneous communities implies a higher vulnerability to 
changes and less functional ecosystems, as has been shown 
in grassland (Gossner et al. 2016), forest (Gilliam 2006), 
and coral reefs fish communities (Richardson et al. 2018).

There has yet to be a consensus regarding how species 
and communities respond to current environmental changes. 
Each contribution that informs about temporal shifts in spe-
cies richness, distribution, and abundance is critically impor-
tant. This study combines information from captures in a 
light trap with new provincial records (the year a species 
is found for the first time in the province Gästrikland) to 
examine how species richness, species composition, total 
abundance, and community-wide trait distributions of moth 
communities in central Sweden have changed over five dec-
ades (from the 1970s to 2019). Specifically, we address the 
following four questions:

	 (i)	 How has species richness changed over the past five 
decades, how many species have colonised the area, 
how many species have faced local extinction, and 
how many species have persisted since the 1970s?

	 (ii)	 Is the variation in abundance among species in the 
historical period associated with the variation in 
abundance in the contemporary time period?

	 (iii)	 How are colonisations, local extinctions, and abun-
dance shifts associated with the variation among spe-
cies in phenotypic traits (colour pattern, diet, habitat 
use, wingspan, and range size)?

	 (iv)	 How have the temporal shifts in species richness, 
species composition, and abundance influenced the 
community-wide trait distribution?

Materials and methods

Study area

The data collected in the 1970s are hereafter called the his-
torical period, and the data collected in 2019 are hereafter 
called the contemporary period. To compare historical and 
contemporary moth communities, we explored informa-
tion in the province records and yearly species reports for 
the province Gästrikland in Sweden (60N, 17E) and infor-
mation on species records from trapping data from one 
light trap that was in operation during the full season and 
checked every night during both periods at the same place 
in this province. Gästrikland covers an area of 4181 km² 
and has 37.6 inhabitants per km².

The climate in the region is temperate, with cold tem-
peratures and high precipitation. The yearly precipitation 
is 620 mm, and the average yearly temperature extracted 
from the Gävle weather station is 5.82 ∘C from 1874 to 
2019 (SMHI, online resource, Fig. 1). The light trap was 
situated 8 km northwest of the city of Gävle in central 
Sweden (60.751N, 17.108E). The light trap was placed 
in an abandoned garden, presently used as a semi-dry hay 
meadow, surrounded by scattered bedrocks and mixed for-
ests dominated by pine and spruce. The area is dominated 
by forests, arable fields, and gardens in 2019 (Fig. S1). 
To visually illustrate the landscape surrounding the light 
trap, we used aerial photographs from 1961 to 1975 and 
SPOT-5 satellite images from 2005 to 2018 (downloaded 
from lantmateriet.se, Fig. S1). This shows that in 1961 
much of the forest had fallen due to a storm in January 
1954. Also, some arable fields disappeared, and buildings 
increased from 1961 to 2018 (Fig. S1). The trap site and 
the province is representative of the landscape and the 
changes that have occurred throughout this region in gen-
eral (Anonymous 1996, 2020).

Collection of data on species presence, abundance, 
establishment, and local extinction

Based on province records, the year each species colonised 
the province Gästrikland was extracted from province cat-
alogues and yearly reports (Betzholtz et al. 2013; Douwes 
1974; Nordström 1943). There is a long-lasting tradition 
to record new province records in Sweden, and thus it 
captures colonising species over time. The first catalogue 
with a good cover was established in 1943 and contained 
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Fig. 1   Example of studied species, study area, and between year vari-
ation in ambient temperature. a Orthosia gothica is the species with 
the highest increase in abundance, a variable colour pattern, and a 
habitat and diet generalist. b  Entephria caesiata, an extinct species 
that show dramatic decline throughout the boreal region, is a habitat 
specialist associated with coniferous forests and has a few host plants 
(oligolectic). c Catocala nupta is an expanding species that colonized 

the area and is associated with forests and a few host plants (oli-
golectic)—photographs by Vladimir S. Kononenko. d  The province 
Gästrikland in central Sweden in red. e The province Gästrikland in 
red and the light trap site denoted by a red dot. f Temperature anoma-
lies in Gävle from 1874 to 2020 with the sampled years indicated by 
green triangles
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records from 1936 (Nordström 1943) and 1973, and from 
thereon, yearly reports have been published (Douwes 
1974). New province records most likely represent true 
natural range expansions and establishments in the prov-
ince, rather than the outcome of intensified sampling and 
detection of species that have been present but remained 
undetected for long periods, as the province has been well 
investigated since 1936 (Nordström 1952).

In addition to the province records, we used data on 
moths for both periods collected by one of the authors (Sjö-
berg) using a light trap (Leinonen et al. 1998). The light 
trap was operating at the same position during the whole 
moth season covering 226 nights (April 9–November 20) 
in both the historical and the contemporary periods. We 
compiled a series of full-season sampling by combining 
trapping nights in 1975 (131 nights from April to Novem-
ber), 1976 (13 nights in July), 1977 (42 nights from April 
to August), and 1978 (25 nights in July and August). We 
had to combine data from multiple years in the 1970s to 
reach a fully sampled season to justify a comparison with 
the fully sampled season in 2019. Moths were present in 
156 and 189 trapping nights in the historical and contem-
porary periods, suggesting that nights with zero counts 
were more frequent in the historical period. Information on 
individual counts per species per night is available for all 
nights except for August 13 to August 26 in the historical 
period. For these 2 weeks, information on the total catch 
only is available. This limited period re-distributed the total 
catch among the 14 trapping nights between August 13 and 
August 26. The trap was equipped with a 400 W mercury 
bulb in the historical period and a 125 W mercury bulb 
in the contemporary period. All individuals were identi-
fied to species, counted, and recorded on a nightly basis. 
The lamp was automatically switched on at dawn and off 
at dusk using twilight sensors. In the historical period, a 
white sheet was manually checked throughout each night. 
In the contemporary period, individuals were sampled from 
a trap filled with egg cartons. The different bulbs and sheet 
vs. trap design that differed between the two periods are 
unlikely to influence the results as the lamps, sheet and 
trap are similar in their efficiency (Leinonen et al. 1998). 
We used slightly different approaches as the lamp and trap 
were not invented in the 1970s and is now standard and 
less labour intensive compared to the method used in the 
1970s in moth monitoring programmes. To test and eval-
uate the efficiency of the sampling in the historical and 
contemporary period we used a rarefaction approach (see 
below). One of the authors (Sjöberg) identified, counted, 
and registered all traditionally classified species as Mac-
rolepidoptera (Appendix 1). Taxonomically complex taxa 
were pooled (n = 7), and the genus Eupithecia was grouped 
into three taxa (Appendix 1). Identifications were verified 
and standardised to current taxonomic knowledge (Aarvik 

et al. 2017). Each record consisted of a species name, num-
ber of individuals, and the date of capture. Except for the 
analysis of rarefaction and comparisons of nightly trap 
catches that are based on nightly counts we calculate the 
total abundance for each species and period for the statisti-
cal analyses by summing the captures across all trap nights.

Extraction of information on species traits

We extracted data on colour pattern variation, diet spe-
cialisation, habitat preference, wingspan, and range size 
(Appendix 2). These five species traits were chosen because 
previous studies indicate that they are indicative of a spe-
cialist-generalistic lifestyle, and may influence species-area 
requirements, the rate of range expansions, abundance 
trends over time, and extinction risk in moths (Betzholtz 
et al. 2017; Forsman et al. 2016, 2020; Franzén et al. 2012).

Statistical analyses

Data were analysed using R version 4.0.3 (R Core Team 
2021).

Estimating species richness and abundance

To examine if our light-trap detected most species, we evalu-
ated the sampling intensity in the historical and contemporary 
periods. We used a rarefaction approach for this purpose and 
the specaccum function from the vegan package (version 4.0.3) 
(Oksanen et al. 2019) to compute rarefaction-based species 
accumulation curves and standard error. This estimator was 
chosen because it is widely used and evaluated in the ecologi-
cal literature (Chao et al. 2005, Coleman et al. 1982, Hellmann 
and Fowler 1999, Reese et al. 2014). To test whether nightly 
abundance and species richness of moths were statistically 
different between the historical and contemporary periods we 
used Mann–Whitney–Wilcoxon test. The test was based on 
only the matching days per year in the 1970s, sampled days in 
1975 vs. the identical days in 2019, sampled days in 1976 vs. 
the identical days in 2019, and the same procedure for 1977 
and 1978.

To test whether abundance in the historical period is 
related to the abundance in the contemporary period, we 
performed Pearson correlation analysis based on log-trans-
formed (abundance + 1) values. To test whether the aver-
age abundance changed between the historical and contem-
porary period, whether abundance changes varied among 
species, and whether the variation in abundance changes 
among species was associated with species traits, we built 
a general linear mixed model (GLMM) with Gaussian dis-
tribution in the package glmmTMB (version 1.1.1) (Brooks 
et al. 2017). The difference in observed abundance between 
the contemporary and historical periods was the response 
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variable and the five traits (colour pattern variation, continu-
ous; diet specialisation categorical with three levels; habitat 
preference, categorical with three levels; wingspan, contin-
uous; and range size, continuous) as fixed effects and the 
taxonomic group as a random effect to partially account for 
variation owing to shared ancestry and phylogenetic related-
ness. With this analytical approach, colonisations and local 
extinctions contribute to the variation in abundance shifts 
between the two time periods. We were interested in evalu-
ating whether changes in abundance between periods were 
associated with species traits. Model selection was based on 
minimising the Akaike Information Criterion (AIC) (Burn-
ham, 2002). Model marginal effects and confidence intervals 
(CIs) were calculated using the ggeffects package (version 
1.1.0) (Lüdecke 2018).

Analysing and comparing community‑wide trait 
distributions

To illustrate, describe and compare the trait composition 
that characterises moth communities in the historical ver-
sus the contemporary period, we used nonmetric multidi-
mensional scaling (NMDS). In NMDS, more similar trait 
compositions/communities (in terms of species composition) 
appear closer together, thus enabling comparisons of com-
munities. We used an individual-based species by trait matrix 
that included abundance per trait state in ten-day periods per 
period. To reduce the influence of dominant taxa and spe-
cies traits the continuous variable wingspan was transformed 
into categorical variables with two levels (> 37 mm large 
and < 37 mm small), range < 29 countries small range > 30 
countries large range, and colour pattern variation with three 
levels (0,1,2) (Clarke and Warwick 2001). The cutoffs for 
wingspan and range were based on the respective variable’s 
average value. Nonmetric multidimensional scaling (NMDS) 
analysis was performed on a trait state-by ten-day time period 
matrix, including moth abundance data (number of individu-
als per trait state among the 24 ten-day sampling periods) 
to describe the general trait composition. The NMDS was 
performed with the function ‘metaMDS’ in the R package 
vegan (Oksanen et al. 2019) using the Bray–Curtis dissimi-
larity measure and default settings (with three dimensions, 
stress = 0.057). In the NMDS, ordination communities are 
well represented in the dimensions if the stress is > 0.10. 
(Clarke and Warwick 2001). To evaluate whether the dif-
ference in trait composition between the historical and the 
contemporary moth community was statistically significant, 
we used multivariate ANOVA (function adonis2 in R pack-
age vegan). To illustrate relationships between the species 
composition and time period, we used the function envfit to 
fit the period factors onto the ordination on three axes with 
999 permutations.

Results

Species richness, colonisations, and local extinctions

Analyses of the province records for Gästrikland show that 
the cumulative number of species increased from 522 in 
the historical period to 633 in 2019, corresponding to an 
influx of about 2.5 new species per year (Fig. 2a). A total 
of 34,064 individuals representing 410 species were cap-
tured in the light trap in Gävle; of these, 11,691 individuals 
representing 309 species were captured in the historical 
time period, and 22,373 individuals and 359 species in 
2019. Based on information from the light trap, 152 spe-
cies had either colonised (101 species, 25%) or disappeared 
(51 species, 12%) between the time periods, corresponding 
to an estimated influx of about 2.5 new species per year 
and a local extinction rate of about 1.16 species per year. 
More than half of the species (258, 63%) were captured in 
both periods (Fig. 2ab). Many (n = 223) species that were 
recorded in the province records were not captured in the 
light trap in any of the two time periods (Fig. 2b).

Species richness and abundance

The results of the rarefaction analysis indicate that sam-
pling intensity was adequate and comparable in both peri-
ods, as species saturation was met after about 100 trap-
ping nights in both periods (Fig. S2). The rarefaction also 
estimated more species to be captured in the contemporary 
period compared to the historical period (Fig. S2). This 
result was confirmed when comparing nightly catches that 
had a statistically significantly lower species richness in 
all four years in the historical period compared to the con-
temporary period (Fig S3).

The number of species and individuals caught in the 
light trap per night was constantly higher across the sea-
son in 2019, and the season was 15 days longer in 2019 
compared to the historical period (Fig. 2c, d). Species that 
went locally extinct (disappeared) typically were active 
in June and July, whereas new species that were first 
captured in 2019 were active in August, September, and 
October (Fig. 2e). Abundance was lower overall in the 
historical time period (37.8 ± 5.03, n = 309 species) than 
in 2019 (62.3 ± 10.4, n = 359) (Mann–Whitney–Wilcoxon 
test, W = 72,593, p < 0.001, n = 410 species). Two hun-
dred twenty-four species increased in abundance, and 166 
species decreased in abundance. Thirty-four species had 
increased with > 100 individuals, and the largest increase 
was found in species Orthosia gothica with 1820 indi-
viduals. Species Apamea lateritia decreases the most with 
−509 individuals (Fig. 2f). The most abundant species was 
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Orthosia gothica in both periods (2495 individuals in 2019 
and 675 in the historical time period). Eilema depressa 
was the most abundant of the colonising species found in 
769 individuals in 2019. The previously most common 
species that had gone extinct was Apamea sordens, with 
157 captured individuals in the historical time period. Spe-
cies abundance in the historical time period was statisti-
cally significantly associated with the abundance in 2019 
(r = 0.66, p < 0.001, Fig. 2 g).

Associations of abundance shifts with species traits

The variation among species in the direction and magnitude 
of abundance shifts (including new colonisations and local 
extinctions) between time periods was associated with two of 
the five species traits that we examined (Fig. 3; Table 1). The 
best-fitting model (lowest AIC) included two species traits 
(AIC = 5275, Fig. 3; Table 1), and provided a better represen-
tation of the data than the null model that only included the 
random terms (AIC = 5301). Results thus provide evidence 
for ecological filtering across species traits. Overall, species 
abundance increased with increasing colour pattern variation 
(p = 0.049) and increasing range size (Figs. 3, S4). However, 
the statistical significance of the association with range size 
(p = 0.154) fell short of the traditional critical level (Figs. 3a, 
S4; Table 1). Abundance shifts were not associated with diet 
specialisation, habitat use or wingspan.

Fig. 2   Comparisons of species richness and abundance between his-
torical and contemporary moth communities. a Accumulated number 
of moths recorded from the province Gästrikland since 1975 as a line 
and the number of species recorded in the light trap in Gävle in the 
historical period and 2019. b The number of species that were pre-
sent in both the historical period and in 2019 (green bar), the num-
ber of species that have been recorded in the province Gästrikland 
but that were not captured in the light trap site (grey bar), the number 
of species that went locally extinct in the trap site (red bar) and the 
number of species that colonized the trap site (blue bar). c Observed 
number of individuals caught by the light trap per night per time 
period. Brown/pink denotes historical period, turquoise/blue denotes 
2019. The time period 13–26 August is missing because catches of 
moths were pooled for these weeks.  d  Observed species richness 
caught by the light trap per night across the season in historical and 
contemporary periods. Blue denotes historical period; orange denotes 
contemporary period. 13–26 August is missing because catches of 
moths were pooled for these weeks. e The distribution of species that 
disappeared or colonized the trap site across the season in historical 
and contemporary periods. Orange denotes colonizing species; blue 
denotes locally extinct species. The time period 13–26 August is 
missing because catches of moths were pooled for these weeks. f Bars 
indicate the difference in the number of individuals caught by the 
light trap between the contemporary and historical periods (the left 
Y-axis). Colonising species are in red bars, extinct species in blue 
and stable species in grey. The line represents total abundance in the 
contemporary and historical periods (right X-axis). g The relationship 
between abundance (log-transformed (number of individuals + 1) in 
the historical period and in 2019. (Color figure online)

▸

Table 1   Results from the best fitting Linear Mixed-effects Model on 
the change in abundance of moth species in relation to species traits

Taxonomic groups are included as a random factor. Sample sizes are 
N species = 410, nperiods = 2. SE = Standard error
Variables that are statistically significant are highlighted in bold font

Predictors Estimate SE p-value

(Intercept) −51.039 45.897 0.266
Colour pattern vari-

ation
22.583 11.479 0.049

Range size 2.326 1.634 0.154
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Comparisons of community‑wide multidimensional 
trait distributions

In the NMDS, the trait distributions were well represented 
both in the historical community (lowest stress solution 
reached at two dimensions; stress = 0.026) and in the con-
temporary community (lowest stress solution reached at 

two dimensions; stress = 0.058). The results generated by 
the NMDS illustrated and confirmed that the trait composi-
tion of the moth community in the contemporary period was 
distributed across a much smaller dimensional space than in 
the historical period (Fig. 4). There was no statistically sig-
nificant separation in the dimensional space between the his-
torical and contemporary moth communities (permutational 
multivariate ANOVA, R2 = 0.035, F1,43 = 1.01, p = 0.37). 
Yet, the spatial distributions of observations suggest that 
the overlap in the two-dimensional trait space was only ca. 
35% (Fig. 4).

The trait states that changed the most between the histori-
cal and contemporary time periods were diet specialists that 
increased by 239% in abundance (n = 1341 versus 4547), fol-
lowed by species with a large range 156% (n = 5544 versus 
14,207), high colour pattern variation 151% (n = 4540 versus 
11,397), small wingspan 136% (n = 6808 versus 16,117) and 
habitat generalists 114% (n = 7299 versus 15,650).

Discussion

By analysing a long-term dataset spanning 50 years and 
including captures of over 34,064 moth individuals dis-
tributed across 410 species in central Sweden, we show 
that there has been a substantial net increase in species 
richness and total abundance. The results also uncovered 
considerable heterogeneity in abundance trends among dif-
ferent species. This variability was associated with species 
traits, with species characterised by high colour pattern 
variability and large ranges generally increasing in abun-
dance. As a result of the shifts in species richness, species 
composition, and relative abundance, the phenotypic trait 
distribution in the contemporary moth community became 

Fig. 3   Associationsof abun-
dance shiftwithspeciestraits. 
Effect plots from the GLMM 
with the lowest AIC showing 
abundance shifts in relation to 
species trait a colour varia-
tion and b range size. Predic-
tion lines derived from Linear 
Mixed-Effects Models with the 
Gaussian distribution. All mod-
els included taxonomic group as 
a random factor. Sample sizes 
are n species = 410. Statistical 
parameter values associated 
with each species trait are 
provided in Table 1 and figures 
with raw data in Fig. S4

Fig. 4   Two dimensional NMDS illustrating the trait composition in 
the historical and contemporary moth communities. The polygons 
show the outer limits of each period where dots are historical period 
and stars contemporary period. Each star and each dot represent data 
for a trait state-by ten-day time period. In the NMDS ordination of 
trait composition, communities generally occupied overlapping areas 
in ordination space but a significantly smaller area in the contempo-
rary period. The stress of 0.026 for the historical period and 0.058 
for the contemporary period indicated that the communities were well 
represented in the two reduced dimensions
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more homogenous, and possibly less functional and resil-
ient compared to the historical community (Oliver et al. 
2015).

The finding of a dramatic overall increase in abundance 
and species richness is inconsistent with many recent stud-
ies (Franzen and Johannesson 2007; Nilsson et al. 2008; 
Sánchez-Bayo and Wyckhuys 2019). However, previous 
reports show increases in richness and abundance from 
studies conducted at higher latitudes (Antão et al. 2020; 
Keret et al. 2020) and in freshwater ecosystems (van Klink, 
2020). The present study was conducted in a high latitude 
transitional boreonemoral zone dominated by mixed forests, 
relatively species-poor moth communities, and characterised 
by shorter and brighter nights, less light pollution, lower 
temperatures, low human population densities, compared 
with many areas in the south. This might relax the biotic 
and abiotic pressures on natural populations, allowing spe-
cies with certain traits to increase their population growth 
and expand their ranges (Audusseau et al. 2021).

The colonisation rate was 2.42 and 2.52 species per year 
in the trap and the province, respectively, suggesting that 
dramatic increases occur at larger spatial scales across the 
whole region. This positive net shift in species richness is 
different from the depressing population declines and ele-
vated extinction rates reported from lower latitudes, with 
high human populations and negative impacts of invasive 
species, land-use intensification, and habitat destruction 
(Merckx and Van Dyck 2019; van Langevelde et al. 2018; 
Wagner et al. 2021). In agreement with this interpretation, 
recent results based on analyses of moths in Sweden and 
Finland indicate that the rate of northward range expan-
sions (Forsman et al. 2016) and increases in species rich-
ness (Antão et al. 2020) depends on latitude. There are also 
reports of increases in species richness being paralleled by 
declines in the total abundance of individuals (Antão et al. 
2020). In contrast, we found that both species richness and 
the total abundance increased over time. This exemplifies 
that biodiversity responses to environmental changes vary 
across regions (Crossley et al. 2021).

On average, we observed a drastic change in species 
turnover and community composition, with 1.15 species 
per year disappearing from the trap site. These local extinc-
tions probably reflect in part that forestry and agricultural 
practices changed between the historical and contempo-
rary period (Franzen and Johannesson 2007; Nilsson et al. 
2008; Sánchez-Bayo and Wyckhuys 2019). Our study site 
has faced similar environmental changes as other areas at 
these latitudes. Our results also seem to capture shifts in the 
moth’s community that generally agree with previous find-
ings from such areas (Carvalheiro et al. 2020; Halsch et al. 
2021; Leclère et al. 2020; Pöyry et al. 2016). The turnover 
rate that we observed (38% of the species) is alarming and 
calls for concern. If maintained, this dramatic turnover rate 

implies that a new and different community will have been 
established in a hundred years.

Species with boreal distributions were over-represented 
amongst those that declined and went extinct locally. One 
example is Entephria caesiata (Fig. 1b), a formerly abun-
dant moth of boreal and montane to the subalpine conif-
erous forest, that could not be found in the area in 2019. 
Another locally extinct species was Macaria carbonaria, 
confined to wetlands and bogs. Species associated with 
flower-rich grasslands, such as Autographa bractea, also 
showed substantial declines. On the contrary, more south-
ernly generalist species, such as Xestia c-nigrum and Eilema 
depressa were new to the area in 2019. Other generalists, 
such as Xestia baja and Orthosia gothica, showed a large 
increase in abundance in 2019 compared to the historical 
period. Our results suggest that while some species decline 
in abundance and contract their ranges, other species 
increase in abundance and expand their ranges, indicating 
a major biogeographical reshuffling of the whole fauna from 
a boreal to one previously associated with more southern 
latitudes. As the loss of diversity is irreversible, it should be 
one of the greatest challenges in the history of humankind 
(Ceballos et al. 2020). Pressures such as artificial light pol-
lution, soil eutrophication/nitrification, urbanisation, and 
increasing temperatures contribute to rapid shifts in the 
environmental conditions on which all species depend (Car-
valheiro et al. 2020; Jackson 2021; Newbold et al. 2015; van 
Langevelde et al. 2018).

Novel ecosystems are considered a global threat under 
climate change. We found that the composition and commu-
nity-wide distribution of phenotypic traits tended to decrease 
from historical to contemporary. This conforms with reports 
of an ongoing global functional homogenisation (Clavel 
et al. 2011). Specialist species are adversely affected by 
past and current global changes that elevate extinction risks 
(Kotiaho et al. 2005; Sánchez-Bayo and Wyckhuys 2021). 
Generalist species have effectively replaced specialist spe-
cies, bringing functional homogenisation at the community 
level (Franzén et al. 2020; Manlick and Newsome 2021). As 
moths are crucial as food for higher trophic levels, important 
herbivores, associated with diverse host-parasite networks 
and pollinators of wild plants and crops, there is potential for 
the functional homogenisation of moth communities dem-
onstrated here to cascade up and down, thereby altering eco-
system functioning, goods, and services (Wang et al. 2021).

We found that differences in phenotypic traits could 
partly account for the heterogeneity of abundance shifts 
among species. Previous studies have revealed temporal 
variation emphasising declines in species richness, abun-
dance and trait composition among arthropods and Lepidop-
tera (Coulthard et al. 2019; Habel et al. 2016, 2019, 2022; 
Seibold et al. 2019). In our study, we found that the shifts in 
species richness and abundance were generally associated 
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with variable colour patterns and range size. Increasing 
abundance with increasing colour pattern variation and 
range size were expected, and consistent with earlier find-
ings that variable colour pattern is associated with ecologi-
cal generalisation and buffers against environmental changes 
(Betzholtz et al. 2017, 2019; Forsman et al. 2015, 2020; 
Franzén et al. 2020). This suggests that species with a vari-
able colour pattern and wide range have become progres-
sively more common and probably reflects an underlying 
association with broad niches and ecological generalisation 
that promotes establishment success (Forsman 2014) and 
buffers against current rates of environmental changes (Bar-
tomeus et al. 2013; Mattila et al. 2011; Valtonen et al. 2017). 
We also found interesting seasonal patterns and the season 
was 15 days longer in 2019 compared to the historical period 
enabling species to utilise a longer season and potentially 
increase their abundance in the contemporary period.

Conclusions and future directions

In conclusion, our analyses of province records and light-
trap data collected from a region in central Sweden provide 
evidence that there has been a substantial net increase in 
species richness and abundance of moths during the last five 
decades. The results also point to considerable heterogeneity 
in abundance trends among species that could be partially 
accounted for by differences in ecological and phenotypic 
traits. Together, these shifts translated into a community-
wide trait homogenisation.

The apparent context specificity of net change estimates 
indicated by our findings might explain why prior attempts 
to synthesize insect declines have arrived at different con-
clusions (Crossley et  al. 2020; Lister and Garcia 2018; 
Schowalter et al. 2021; Thomas et al. 2019; van Klink et al. 
2020; Wagner et al. 2021), and calls for future systematic, 
comparative and meta-analytical approaches to identify the 
environmental and organism-related factors that contribute 
to the variable responses.
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