
ORIGINAL PAPER

Journal of Insect Conservation (2025) 29:62
https://doi.org/10.1007/s10841-025-00697-1

Introduction

Global climate change fundamentally alters the timing of 
biological events, with profound implications for species 
interactions and ecosystem functioning (Parmesan and 
Yohe 2003). With temperatures rising at unprecedented 
rates (Pörtner et al. 2022), phenological shifts repre-
sent one of the most visible and widespread biological 
responses to climate change, affecting taxa across trophic 
levels and geographic regions (Thackeray et al. 2016; 
Cohen et al. 2018). While phenological advances have 
been documented across diverse organisms, the mag-
nitude and direction of these shifts vary substantially 
among species, suggesting that intrinsic traits may medi-
ate responses to climate warming (Scranton and Ama-
rasekare 2017; Habel et al. 2024; Hickinbotham et al. 
2024). This variation is particularly evident in insects, 
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Abstract
Introduction  Climate warming has shifted the timing of many insect life-history events; yet, the links between these shifts, 
ambient temperature exposure, and species’ traits remain unclear.
Aims and methods  We quantified seasonal and trait-mediated changes in moth phenology and temperature exposure by 
comparing nightly light trap data for 15,451 individuals representing 96 univoltine species collected in central Sweden in 
1975 and 2019. Across the community, 35 species advanced their activity periods, while 23 delayed them. Spring species 
advanced consistently (median = − 5.2 days), while summer species showed heterogeneous responses. Autumn species either 
delayed activity into cooler intervals or advanced into warmer ones. Phenological advancement was greater in species over-
wintering as pupae than in those overwintering as eggs or larvae (Δ = 4.7 days) and in adult-feeding species relative to non-
feeding species (Δ = 3.9 days). Advancement was also correlated with larger body size and lower intraspecific variation in 
colour patterns. Shifts in timing were closely mirrored by corresponding changes in median temperature exposure, indicating 
that phenological responses rather than plastic adjustments in activity temperature underpin most observed thermal shifts.
Discussion  The heterogeneous, trait-linked responses observed here counter the notion of uniform phenological advance-
ment across taxa. The overwintering stage, adult feeding, body size, and colour pattern variability appear to mediate the 
capacity of species to track or avoid warming temperatures through phenological change.
Implications for insect conservation  Incorporating life-history traits into phenological assessments can identify species most 
at risk of climate-driven mismatches, thereby improving prioritisation in conservation planning.
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where species exhibiting different life-history strate-
gies show contrasting phenological responses (Altermatt 
2010; Teder 2020). Understanding how species-specific 
traits influence these responses is crucial for predicting 
community-level impacts, identifying species at risk of 
phenological mismatches (Miller-Rushing et al. 2010), 
and developing effective conservation strategies under 
climate change.

To adapt to changing climates, species may (1) shift 
their phenology to track favourable conditions, (2) mod-
ify their realized thermal activity niche—defined here as 
the range of ambient temperatures experienced during 
their flight period—while maintaining their phenological 
rhythms, or (3) shift their geographic range to track opti-
mal climates (Macgregor et al. 2019). These responses 
are not mutually exclusive but can be interdependent. For 
example, specialist species with narrow thermal niches 
often show more pronounced phenological shifts than 
thermal generalists (Buckley and Kingsolver 2021). This 
suggests a potential trade-off, where a significant change 
in phenology allows a species to conserve its thermal 
niche. In contrast, a lack of phenological plasticity may 
necessitate physiological or behavioural adjustments to 
cope with new thermal conditions. While some taxa shift 
phenology to conserve their thermal niche, as observed 
in birds and butterflies (Socolar et al. 2017; Gutiérrez 
and Wilson 2021), others like boreal Lepidoptera employ 
combined strategies of phenological and range shifts 
(Hällfors et al. 2021).

A species’ capacity to respond phenologically is shaped 
by a suite of life-history traits that influence its sensitiv-
ity and plasticity. These traits can be broadly grouped 
by their functional roles. Traits related to developmen-
tal cues and constraints, such as the overwintering stage, 
are critical, as they determine when development can 
resume in response to spring warming; species overwin-
tering as pupae, for instance, often show stronger pheno-
logical advancement (Altermatt 2010). Traits governing 
energy balance and metabolic rates, such as body size 
and colouration, are also key. Body size relates to thermal 
inertia and development time, with smaller species typi-
cally responding more rapidly to temperature changes 
(Connoy et al. 2020), while colouration directly impacts 
thermoregulatory capacity, with darker morphs absorbing 
more solar radiation (Zeuss et al. 2014). Finally, traits 
reflecting ecological specialisation influence a species’ 
flexibility. Diet breadth reflects resource specialisation, 
with monophagous species facing greater constraints 
due to dependence on specific host plants (Chmura et al. 
2019). Similarly, habitat preference influences microcli-
mate exposure, with forest-dwelling species experienc-
ing buffered thermal regimes compared to open-habitat 

species (Zografou et al. 2021). We also consider colour-
pattern variation, which can be linked to a species’ eco-
logical generalism, as polymorphic populations may 
tolerate a broader range of environmental conditions 
(Forsman et al. 2008, 2020; Forsman and Wennersten 
2016). Understanding these trait-mediated responses is 
essential for predicting species-specific vulnerabilities to 
climate change.

Here, we investigate how moths respond to warming 
through shifts in phenology and their realized thermal 
activity niche, leveraging a unique long-term dataset 
from Sweden that compares two distinct time periods 
(1975 and 2019). We test three hypotheses. First, we 
predict that phenological responses are season-depen-
dent, with spring species advancing and autumn species 
delaying their activity periods under warming conditions 
(Frei et al. 2014). Second, we hypothesise that moths 
demonstrate alternative response strategies, modifying 
either their phenology or their realised thermal activity 
niche, but rarely both simultaneously (Urban et al. 2016). 
Third, we propose that the magnitude and direction of 
these responses depend on the species’ life-history traits, 
including taxonomic affinity, range size, overwintering 
stage, diet breadth, habitat preference, body size, and 
colour-pattern variation (Forsman et al. 2008; Kharouba 
et al. 2014).

To test these hypotheses, we analysed nightly moth 
captures (15,451 individuals, 96 species) from a single 
location in central Sweden, comparing activity patterns 
that were quantified with high temporal resolution in 
the mid-1970s and again in 2019, a period during which 
regional temperatures increased by 1.5 °C (SMHI 2024). 
This dataset enables a robust assessment of phenologi-
cal and thermal niche shifts, providing insights into the 
mechanisms underlying species’ responses to climate 
change and their implications for biodiversity conserva-
tion (Forrest and Miller-Rushing 2010).

Methods

Study area

We collected data from a light trap placed north of Gävle 
in central Sweden (60°45’4.34"N, 17°6’28.08"E). The 
study site, located at the intersection of the boreo-nemoral 
zone, offers a unique opportunity to investigate moth 
phenologies due to the unusually high species richness 
at this latitude in Europe (Antão et al. 2020). The sur-
rounding landscape comprises diverse habitats, including 
semi-dry hay meadows, scattered bedrocks, and mixed 
forests dominated by pine and spruce.
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The study area has a humid continental climate (Köp-
pen-Geiger classification: Dfb), characterised by warm 
summers and cold winters. The mean annual temperature 
is 5.3 °C, with January averaging − 5.1 °C and July aver-
aging 16.4  °C. Annual precipitation averages 683  mm, 
distributed relatively evenly throughout the year, with 
slightly higher rainfall in summer months. The growing 
season typically extends from mid-April to early October 
(approximately 170 days), with snow cover usually per-
sisting from December through March (average 120 days 
annually). Habitat composition has remained relatively 
stable at the immediate trap location.

Data collection

Moth data were collected using a single light trap oper-
ated by one of the authors (Sjöberg) across two periods: 
the 1970s (primarily 1975) and 2019. The light trap was 
positioned at the same location throughout both sam-
pling periods. Data from 1975 spanned 9 April to 21 
July and 26 August to 5 November, with supplementary 
sampling from 21 July to 13 August 1978 to compen-
sate for an electrical failure in 1975. The period 13–26 
August, missing from the 1970s, was excluded from the 
2019 dataset to ensure identical sampling effort between 
periods. While time series interpolation could potentially 
reconstruct activity during this gap, we chose to exclude 
it to maintain symmetrical sampling effort and avoid 
introducing model-based artefacts into our phenological 
estimates. Data were collected continuously from 9 April 
to 5 November 2019. We hereafter refer to the mid-1970s 
period as the historical period and 2019 as the contempo-
rary period.

The light trap operated automatically, using a twilight 
sensor that switched it on at dusk and off at dawn. We 
employed the same trap design across sampling peri-
ods, using mercury vapour (125  W HG) light bulbs to 
ensure consistent attraction efficiency. However, there 
were modifications in collection methods between sam-
pling periods: in the historical period, moths were manu-
ally collected from illuminated white sheets surrounding 
the light source, whereas in the contemporary period, we 
employed a standardised Ryrholm trap design with the 
same light source. The automated trap system in the con-
temporary period enabled continuous overnight collec-
tion without manual attendance, with specimens counted 
the following morning. While this could potentially 
affect the catches, thereby influencing duration estimates, 
we expect its effect on the timing of peak activity to be 
minimal. The trap was emptied daily, and captured moths 
were identified, counted, and recorded.

Data processing

Our total dataset comprised over 250 species. After filter-
ing, we analysed trait data and phenological responses for 
96 moth species (Lepidoptera: Macroheterocera), con-
sisting of a total of 15,451 individuals. The dataset com-
prised 3,773 individuals from the historical period and 
11,678 individuals from the contemporary period (Sup-
plementary Material 1 Supplementary Table 1). Species 
were included if they had a minimum of five individuals 
sampled and activity durations ranged from 5 to 70 days. 
This duration constraint effectively filters out species 
with sparse data and multivoltine species. This thresh-
old was determined based on an exploratory analysis of 
flight period distributions in our data and established life-
history knowledge for the regional fauna, allowing us to 
conservatively exclude species with bimodal or exces-
sively extended flight periods, which are indicative of 
multiple generations.

All selected species were Macrolepidoptera, encom-
passing the families Noctuidae (n = 45), Geometridae 
(n = 31), Erebidae (n = 9), Notodontidae (n = 4), and 
Lasiocampidae (n = 4), as well as single species from 
Drepanidae, Endromidae, and Sphingidae.

Morphological, ecological, and life-history traits were 
collected from the literature (Skou 1984, 1991; Hydén 
2007). Male wingspan, used as a proxy for body size, 
averaged 37.41 ± 11.00  mm (mean ± SD). Species were 
categorised by colour pattern variation (non-variable: 
n = 52; variable: n = 29; highly variable: n = 15) (Forsman 
et al. 2020). Geographic distribution was quantified as 
the number of European countries in which a species was 
present (mean = 27.54 ± 4.45 countries) (Karsholt and 
Razowski 1996). We acknowledge that this metric is a 
coarse proxy for geographic range size, but it provides 
a standardised measure of distribution breadth across all 
species.

Species were further classified by habitat preference 
(forest: n = 20; open: n = 15; generalist: n = 61), diet spe-
cialisation (specialist: n = 16; oligophagous/generalist: 
n = 80), adult feeding capability (feeding: n = 84; non-
feeding: n = 12), overwintering life stage (egg: n = 25; 
larva: n = 50; pupa: n = 21) (Skou 1984, 1991; Hydén 
2007), and seasonal activity based on our data (spring: 
n = 15, peak before 1 June; summer: n = 62, peak between 
1 June and 26 August; autumn: n = 19, peak after 26 
August).

Thermal niche and phenological metrics

The realised thermal activity niche was determined using 
median activity temperatures, with temperature data 
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The second model tested the influence of multiple life-
history traits simultaneously, including diet specialisa-
tion, habitat preference, European range size, wingspan, 
and colour-pattern variation as predictors. The third 
model analysed the effect of the adult feeding strategy 
(feeding vs. non-feeding) separately due to its correlation 
with other traits.

We assessed multicollinearity among predictors using 
variance inflation factors (VIF) via the car package ver-
sion 3.1-3 (Fox et al. 2019) and ensured all predictors 
in a given model had VIF values below 3. Following 
theoretical frameworks that caution against stepwise 
model selection (Whittingham et al. 2006; Grueber et 
al. 2011), we retained all biologically informed predic-
tors in our final models. Model interpretation utilised 
marginal effects calculated using the ggeffects package 
version 2.0.0 (Lüdecke 2018), with the significance of 
model terms assessed through Type II likelihood ratio 
tests implemented via the car package’s Anova function.

To determine if the thermal profiles were statistically 
different based on the SMHI data 1975 and 2019, we per-
formed a two-sample Kolmogorov-Smirnov (K-S) test on 
the distributions of daily DD values.

Results

On average, the flight period duration for moth species 
was 23.21 ± 0.94 days (mean ± SE), calculated as the 
interval between the 5th and 95th percentiles of activ-
ity. Between the historical and contemporary periods, 
the timing of peak flight activity advanced by 2.34 ± 0.89 
days (mean ± SE), while the realised thermal activity 
niche shifted towards cooler conditions by 2.22 ± 0.29 °C 
(mean ± SE). Phenological shifts differed markedly 
among seasons (χ² = 22.39, df = 2, p < 0.001), and this 
seasonal effect was modulated by the magnitude of ther-
mal niche change (season × thermal niche shift inter-
action: χ² = 9.43, df = 2, p = 0.009). The main effect of 
thermal niche shift alone was not significant (χ² = 0.35, 
df = 1, p = 0.552), indicating that the relationship between 
thermal and phenological responses depends on season 
of activity. Spring species consistently advanced their 
activity independently of temperature changes, initiating 
and concluding their flying periods earlier in the contem-
porary period (Figs. 1 and 2; Table 1). Summer species 
showed heterogeneous responses with no clear direc-
tional trend. Autumn species exhibited a distinct pattern 
characterised by delayed activity, with earlier initiation 
of activity but unchanged end dates, resulting in extended 
flight periods (Figs. 2C, D).

sourced from SMHI (10  km from the trap site) (SMHI 
2024). This metric represents the temperatures at which 
individuals were observed to be active under local envi-
ronmental conditions, reflecting their realised activity 
patterns rather than their fundamental physiological ther-
mal limits. Consequently, each species is represented by a 
single value for the historical and another for the contem-
porary period, forming paired observations in subsequent 
analyses. To describe phenology, we calculated three 
percentile-based measures of flight activity for each spe-
cies in each sampling period: the 5th percentile (“start”), 
the median (“peak”), and the 95th percentile (“end”). We 
then defined duration as the difference (in days) between 
the 5th and 95th percentiles, thus capturing the core flight 
window (90% of captures) rather than the entire calen-
dar range. This percentile approach reduces the impact of 
outlying observations.

To quantify the potential influence of thermal plastic-
ity on phenology, we compared the temperature profiles 
of 1975 and 2019. We used daily mean temperature data 
from SMHI weather station in Gävle, Sweden (Latitude: 
60.67°N, Longitude: 17.13°E). For each year, we calcu-
lated daily degree-days (DD) using a base temperature of 
5 °C, a standard threshold for temperate insect develop-
ment. Cumulative degree-days (CDD) were calculated by 
summing the daily DD values.

Statistical analyses

We conducted all statistical analyses in R version 4.4.3 
(R Core Team 2024). Visualisations were generated using 
ggplot2 version 3.5.1 (Wickham and Wickham 2007). 
Because our study design involved a single light trap at 
a single site, with data from two focal periods, species-
level comparisons provided the primary source of repli-
cation (n = 96 species). To investigate phenological and 
thermal niche shifts, we first employed paired sample 
t-tests to compare species-specific patterns between his-
torical and contemporary periods. We then used one-sam-
ple t-tests to evaluate whether the mean shifts across all 
species deviated significantly from zero.

To examine the drivers of phenological shifts (the 
change in peak activity day), we developed a set of gen-
eralised linear models (GLMs) using glmmTMB ver-
sion 1.1.10 (Brooks et al. 2023) with a Gaussian error 
structure. We employed three separate models to miti-
gate issues with multicollinearity and to test our distinct 
hypotheses clearly.

The first model tested our hypothesis about seasonal 
and thermal trade-offs, assessing the shift in peak phenol-
ogy as a function of season (spring, summer, autumn), the 
shift in the realised thermal niche, and their interaction. 
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Fig. 1  Phenology and thermal niche shifts between historical and con-
temporary periods for 96 moth species. A) The number of moth indi-
viduals (pooled across species) recorded per night. Historical records 
are shown in black, and contemporary records are in orange, with 
seven-day moving averages represented by lines. The bottom ribbon 
denotes the three seasons: spring (green), summer (blue), and autumn 
(orange). B) Bidirectional species-specific shifts in phenology and ther-
mal niche, with arrows starting in the historical period and pointing to 
the contemporary position. Arrow colours indicate the species’ season: 
green (spring), blue (summer), and orange (autumn). C) Examples of 
four species demonstrating combinations of shifts in activity timing 
and temperature while active, corresponding to the four quadrants of 

panel D. Each curve represents the distribution of individuals in time 
(right panel) and temperature (left panel). Colours represent periods: 
grey for historical and orange for contemporary. Horizontal bars indi-
cate the 5th and 95th percentiles, and dots mark medians (black for 
historical, orange for contemporary). D) Association between phenol-
ogy shifts and thermal niche shifts across the studied species. Colours 
represent the season during the historical period: green (spring), blue 
(summer), and orange (autumn). Linear regression lines are displayed 
for each season with 95% confidence intervals. The plot is divided into 
four quadrants representing combinations of delayed/advanced phe-
nology and colder/warmer thermal niches (e.g. delayed and colder or 
advanced and warmer)
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the two years (D = 0.04, p = 0.918) (Supplementary Mate-
rial 2).

Among the 96 moth species studied, we observed 
diverse response strategies: 35 species advanced their 
activity peaks, 23 delayed them, and 38 showed no sig-
nificant change. Thermal niche preferences also shifted 
markedly. While the predominant response was a shift 
to cooler conditions (67 species), 11 species shifted to 

Contrary to expectations based on long-term warm-
ing trends, the total heat accumulation in 1975 (Total 
CDD = 1523.7) was slightly higher than in 2019 (Total 
CDD = 1435.5). The mean daily degree-day accumula-
tion was also marginally higher in 1975 (Mean ± SD: 
4.17 ± 5.29) compared to 2019 (3.93 ± 4.94). A two-sam-
ple Kolmogorov-Smirnov test revealed no significant dif-
ference in the distribution of daily degree-days between 

Fig. 2  Characterisation of phenology shifts in flight activity periods for 
moth species between historical and contemporary periods. A) Peak 
(midpoint) of activity period (phenology shift). B) Duration of the 
activity period. C) Start of the activity period. D) End of the activity 

period. The vertical bars represent the 5th and 95th percentiles, while 
the dots indicate the medians. Statistical differences from zero (one-
sample t-test) are marked with an asterisk (“*”)
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Discussion

Our analysis of long-term moth activity patterns provides 
strong support for our hypotheses. First, we confirmed 
a strong season dependency in phenological responses: 
spring-active species consistently advanced their phenol-
ogy, while autumn species exhibited complex responses, 
and summer species showed heterogeneous responses. 
Second, we provide evidence of alternative response 
strategies, with the direction of the association between 
shifts in peak activity and temperature exposure vary-
ing by season. Third, life-history traits—particularly 
overwintering stage, adult feeding strategy, and colour-
pattern variation—emerged as important predictors of 
phenological shifts. A direct comparison of the study 
years revealed that the thermal accumulation profiles of 
1975 and 2019 were statistically indistinguishable; in 
fact, 2019 was marginally cooler (Supplementary Mate-
rial 2). The pronounced advancement of phenology in 
the absence of a corresponding thermal driver strongly 
refutes short-term plasticity as a primary explanation. 
This decoupling of the phenological response from the 
proximate conditions provides compelling evidence that 
the observed shifts reflect a genuine, long-term evolu-
tionary response to climate change.

Complex phenological responses to climate change

Our study reveals complex, trait-mediated responses 
to climate change, challenging any assumption of uni-
form phenological shifts across taxa. While phenologi-
cal advancement is a widely reported phenomenon, our 
results align with recent findings suggesting that such 
trends are not universal and that delays or stability are 
also common responses, depending on species-specific 
traits and regional climatic conditions (Hällfors et al. 
2021; Colom et al. 2022). The strong association between 
phenological shifts and specific traits indicates that life-
history strategies fundamentally constrain responses.

Species overwintering as pupae displayed a greater 
capacity for phenological advancement compared to spe-
cies overwintering as eggs or larvae. This pattern likely 
reflects enhanced developmental readiness. Pupae are 
metabolically quiescent but are at a more advanced devel-
opmental stage, potentially allowing them to respond 
more rapidly to warming spring cues and complete devel-
opment faster than species that must undergo both hatch-
ing and larval growth (Teder 2020). This convergence 
with other studies suggests that the overwintering stage 
is a robust predictor of a species’ capacity to adjust its 
phenology (Hickinbotham et al. 2024).

significantly warmer conditions, and 18 maintained simi-
lar thermal preferences (Fig. 3). There was no overall cor-
relation between phenological and thermal niche shifts 
across all pooled species (r = 0.084, p = 0.418). Instead, 
the association varied by season: shifts in peak activity 
were negatively associated with thermal niche shifts in 
spring species, positively associated in summer species, 
and independent in autumn species (Fig.  1D; Table  1), 
supporting the hypothesis of alternative response 
strategies.

Taxonomic affinity and life-history traits explained 
a substantial fraction of the variation in phenological 
responses. Moth species belonging to Geometridae gener-
ally advanced their peak activity, while other macro-moths 
showed delayed phenology, and Noctuidae maintained 
stable patterns (Fig. 4; Table 2, 3, Supplementary Mate-
rial 1). Species with less variable wing colouration dem-
onstrated stronger phenological advances than those with 
highly variable patterns. Species overwintering as pupae 
showed greater phenological advancement than those 
overwintering as eggs or larvae. The adult feeding strat-
egy also emerged as crucial for phenological shifts (χ² = 
7.45, df = 1, p = 0.006), with non-feeding adults showing 
delayed phenology compared to feeding adults, which 
exhibited advanced activity patterns (Fig.  5). However, 
adult feeding behaviour did not significantly influence 
thermal niche shifts (χ² = 0.28, df = 1, p = 0.595). Sea-
son of activity was strongly associated with phenologi-
cal responses (χ² = 25.91, df = 2, p < 0.001) but not with 
thermal niche shifts (χ² = 3.92, df = 2, p = 0.141). These 
patterns are further detailed in Table 4.

Table 1  Predictors of species phenology shift. The table presents esti-
mates, confidence intervals (CI), and p-values derived from the gener-
alised linear model (GLM) with a Gaussian error structure. Significant 
predictors of phenological responses are highlighted. Note: analysis 
included 96 moth species (AIC = 673.09), with spring season as a 
reference level and statistical significance indicated by bold values 
(p < 0.05)
Predictors Estimate Std. 

Error
P-value

Intercept -0.703 1.868 0.707
Temperature niche shift -1.723 0.686 0.012
Season: summer† -9.809 3.495 0.005
Season: autumn† 0.811 2.252 0.719
Temperature niche shift × Season: 
summer

1.732 1.168 0.138

Temperature niche shift × Season: 
autumn

2.327 0.759 0.002
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buffer populations against environmental change (Fors-
man and Wennersten 2016).

The role of seasonal activity patterns and life 
history

Our findings reveal distinct seasonal patterns in pheno-
logical responses. For example, similar to findings in the 
Austrian Alps where phenological shifts vary systemati-
cally with elevation and season (Habel et al. 2024), our 
spring-active moths demonstrated consistent advance-
ment. This is likely driven by selection for early emer-
gence to exploit ephemeral resources (Thackeray et al. 
2016). In contrast, autumn-active species exhibited more 
variable responses. This diversity may reflect complex 
trade-offs between thermal cues and other environmental 
signals, particularly photoperiod, which becomes a more 
dominant regulator of insect life cycles later in the season 
(Valtonen et al. 2011).

Limitations

Our study’s primary limitation is its comparison of two 
discrete periods, which cannot capture the full dynamics 

Our finding that greater colour-pattern variation was 
associated with weaker phenological responses has not 
previously been reported in Lepidoptera. Morphological 
variability may reflect underlying physiological flexibil-
ity, enabling broader thermal tolerance and lessening the 
need to adjust seasonal activity patterns. This supports 
the general principle that intra-specific variation can 

Fig. 3  Summary of species-specific phenology and thermal niche 
shifts for the adult flight periods of 96 moth species between historical 
(1975) and contemporary (2019) periods in Gävle, central Sweden. 
Species are ordered by median flight day and colored by their season 
of peak activity: spring (green/chartreuse), summer (cyan/darkcyan), 
and autumn (orange/darkorange)
Left panel: Median flight day with horizontal lines representing 5th 
and 95th percentiles. Black markers and lines indicate 1975 values; 
orange markers and lines indicate 2019 values. Significance dots at 
x = 95 indicate phenological shifts based on a 5-day threshold: blue 
dots denote species that significantly advanced their flight timing, red 
dots denote species that significantly delayed their flight timing, and 
grey dots indicate no substantial change
Right panel: Median flight temperature (°C) with horizontal lines rep-
resenting 5th and 95th percentiles. Black markers and lines indicate 
1975 values; coral markers and lines indicate 2019 values. Significance 
dots at x = 26 indicate thermal niche shifts based on a 1.0 °C thresh-
old: blue dots denote species that shifted to significantly cooler tem-
peratures, red dots denote species that shifted to significantly warmer 
temperatures, and grey dots indicate no substantial thermal niche shift

Fig. 4  Effect plots illustrating the associations of phenology and 
temperature niche shifts with taxonomic affinity and species traits in 
moths. Positive values for phenology shifts indicate later activity in 
the contemporary period, while negative values indicate earlier activ-

ity compared with the historical period. Effect plots are based on the 
model presented in Table 2. Shaded grey areas and error bars represent 
95% confidence intervals
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some late-summer species. Despite these limitations, it is 
unlikely that they would alter the fundamental associa-
tions we report between phenological shifts and species 
traits.

Ecological implications and future directions

Phenological shifts can cascade through ecological net-
works, altering species interactions (Memmott et al. 
2007). Furthermore, historical changes in community 
composition may influence contemporary phenologi-
cal patterns. Our previous work at this site documented 

of long-term trends and may be influenced by the spe-
cific climatic conditions of the sampled years (Didham 
et al. 2020). We have now analysed cumulative degree-
days and temperature anomalies between 1975 and 2019. 
While 1975 showed marginally warmer conditions dur-
ing early flight periods, the pronounced spring advance-
ment patterns persisted, suggesting that our findings 
reflect genuine long-term responses rather than year-
specific artefacts. Our use of a single trap location also 
limits broader inferences about spatial variability. While 
we standardised sampling effort, the mid-August gap in 
our time series may have truncated the flight periods of 

Table 2  Species characteristics associated with phenology (right) and temperature niche (left) shifts. Results are derived from an ANOVA table, 
highlighting significant relationships between species traits and their phenological or thermal niche responses. Note: χ² values from likelihood ratio 
tests; df = degrees of freedom; bold values indicate statistical significance at p < 0.05
Variables Phenology shift Temperature niche shift

χ² df P-value χ² df P-value
Taxonomic group 28.93 2 < 0.001 2.48 2 0.290
Colour variation 4.24 1 0.039 0.36 1 0.547
Diet category 0.45 1 0.500 0.43 1 0.512
Habitat preference 0.57 2 0.753 1.22 2 0.543
Wingspan (log) 4.31 1 0.038 0.07 1 0.787
European range 2.12 1 0.145 1.57 1 0.210
Overwintering 20.23 2 < 0.001 2.00 2 0.369

Table 3  Species characteristics as predictors of phenology (right) and temperature niche (left) shifts. The table presents estimates, confidence 
intervals (CI), and p-values derived from a generalised linear model (GLM) with a Gaussian error structure. It highlights significant relationships 
between species traits and their responses to climate change. Note: analysis included 96 species, with substantial effects indicated by bold values 
(p < 0.05), using other moths, specialist diet, forest habitat, and egg stage as reference levels for the taxonomic group, diet specialisation, habitat 
preference, and overwintering stage, respectively (AIC = 673.078 and 482.916 for phenology and temperature shift models)
Predictors Phenology shift Temperature shift

Estimate SE P-value Estimate SE P-value
Intercept 19.257 13.300 0.148 0.447 4.940 0.928
Geometridae† -5.734 2.061 0.005 -1.182 0.766 0.123
Noctuidae† 8.318 2.211 < 0.001 -0.559 0.821 0.496
Colour variation 2.325 1.129 0.039 0.253 0.419 0.547
Generalist diet‡ -1.413 2.097 0.500 -0.511 0.779 0.512
Generalist habitat§ -0.526 1.973 0.790 -0.808 0.733 0.270
Open habitat§ -1.928 2.681 0.472 -0.607 0.996 0.542
log(Wingspan) -15.776 7.595 0.038 0.762 2.821 0.787
Geographic range 0.247 0.170 0.145 -0.079 0.063 0.210
Larva stage¶ -3.242 1.811 0.073 -0.926 0.673 0.169
Pupa stage¶ -10.311 2.317 < 0.001 -0.857 0.860 0.320

Table 4  Association of phenology and temperature niche shifts with adult diet. The table presents estimates, confidence intervals (CI), and p-values 
derived from a generalised linear model (GLM) with a Gaussian error structure, illustrating the impact of adult feeding behaviour on phenological 
and thermal niche responses. Note: models explained 24% and 4.6% of the variance in phenology and temperature shifts, respectively (n = 96 spe-
cies), with significant effects indicated by bold values (p < 0.05), using non-feeding adults and spring as reference levels for adult feeding capability 
and seasonal activity (AIC = 670.933 and 475.460)
Predictors Phenology shift Temperature shift

Estimate SE P-value Estimate SE P-value
Intercept 7.422 2.907 0.012 -1.507 1.050 0.155
Adult feeding† -6.639 2.432 0.008 0.467 0.879 0.597
Summer‡ -13.086 2.719 < 0.001 -1.199 0.982 0.225
Autumn‡ -2.959 2.031 0.149 -1.453 0.734 0.051
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automated camera traps and environmental DNA, prom-
ise to expand our capacity to track these changes, advanc-
ing our understanding of how life-history traits drive 
phenological shifts (Jain et al. 2024).

significant species turnover between the two periods 
(Franzén et al. 2023). It is plausible that the extirpation 
of species unable to adapt their phenology has biased the 
remaining community towards species with greater plas-
ticity, potentially inflating the magnitude of the average 
phenological shifts observed in this study. While collect-
ing continuous daily data at multiple sites over many years 
is challenging, such datasets have proven invaluable for 
understanding large-scale ecological change (Macgregor 
et al. 2019). Emerging monitoring techniques, including 

Fig. 5  Associations between phenology shifts (A) and temperature 
niche shifts (B) and adult feeding strategies. Each dot represents a spe-
cies, and the colours indicate the season during the historical period: 

green (spring), blue (summer), and orange (autumn). Boxplots display 
the median, quartiles, and extreme values
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