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physiologically strongly dependent on climatic conditions bryophytes could serve

wind, and because of contrasting phenologies among species, the composition

Handling Editor: Jianyang Xia airborne bryophyte spores have few specific morphological characteristics, and
therefore spore dispersal phenology has, until now, relied on highly laborious
in situ observations.

2. Here, we report on multi-decadal shifts in the phenology of spore dispersal in 16
bryophyte taxa using a unique 35-year time series of environmental DNA (eDNA)
data collected in Kiruna, northern Sweden. We used shotgun sequencing data
from air filters and matched reads to all major organism groups, of which a high
proportion were bryophyte reads.

3. We found consistent shifts in bryophyte phenology, such that most bryophyte
taxa advanced their (i) start of season with 4weeks on average, and (ii) mid-
season with 6 weeks, ranging between 4 and 7weeks. Changes at the season
end were less consistent across the 16 bryophyte taxa, although seven of them
showed phenological delays over time. Rising temperatures during the third
and fourth quarters of the year preceding spore release were correlated with
phenological shifts, suggesting that bryophytes may enter hibernation at later
stages of sporophyte development, with warmer conditions promoting more
advanced sporophyte maturation by the onset of spring. As a consequence of the
phenological shifts, seasons during which spores were observed became several

weeks longer over the studied time period for most taxa.
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1 | INTRODUCTION

Global warming has accelerated in recent decades, especially in
northern latitudes (IPCC, 2021). Several species and entire biotic
communities have responded to the changing climate, for example
through shifts in their phenology, which is the altered timing of re-
curring biological events (Fenner, 1998; Piao et al., 2019; Rosenzweig
et al., 2008). On the one hand, phenological shifts related to vernal
temperatures, such as the earlier onset of flowering, have been ob-
served, not the least in arctic and subarctic environments (Bjorkman
et al., 2020; MacDougall et al., 2021; Prevey et al., 2017). On the
other hand, senescence and growing season length (SL) are less af-
fected by the changing climate in vascular plant studies (MacDougall
et al., 2021). In addition, phenological shifts have been found to be
stronger for vascular plants compared to organisms at higher trophic
levels (Roslin et al., 2021).

Notably, climatic effects on bryophyte phenology are understud-
ied, even though specific characteristics in bryophyte physiology
would predict strong and rapid responses to changes in temperature
and precipitation. First, since bryophytes lack advanced vascular
systems, they rely on water uptake through vegetative tissue and
cease to grow without ambient moisture. Second, sexual reproduc-
tion critically depends on water availability; the motile male gametes
need a water surface to reach the females before sporophyte forma-
tion (Longton & Schuster, 1983). Also, specific vapour levels regu-
late spore release from sporophytes (Zanatta et al., 2018) and spore
germination relies on substrate humidity (Wiklund & Rydin, 2004).
Third, bryophytes have lower temperature thresholds for growth
than many vascular plants (Proctor, 1990).

Shifts in the timing of phenological events, such as when repro-
duction and spore dispersal take place, could provide early indica-
tions to suggest that bryophyte biomass or diversity is changing.
Consistently sampled long-term data are required to detect pheno-
logical changes in ecosystems (Roslin et al., 2021). However, such
data are often lacking altogether. Monitoring plant reproduction re-
quires extensive fieldwork over multiple seasons, or if such data are
unavailable, time series can be obtained from large herbarium col-
lections (Song et al., 2021). In bryophytes, the timing of phenological
events is rarely systematically documented (but see Arnell, 1875;
Arnell, 1905; Grimme, 1903; Hagerup, 1935; Lackner, 1939).
Despite sporadic later efforts to document bryophyte phenology (as
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4. Synthesis. We conclude that the phenological shifts in our study suggest
strong perturbations in bryophyte phenology, consistent with ongoing climate
change. Our results demonstrate that studying airborne particles using eDNA
methodology is a valuable complement to other monitoring methods, not the

least in bryophytes and other less well-surveyed taxa.

subarctic, bryophytes, eDNA, global warming, monitoring, phenological shifts, phenology,
sporophyte development

reviewed in Stark, 2002), no long-term studies have focused on phe-
nological stages. Regarding angiosperms, pollen collected from the
air has been used to identify flowering phenology (Rojo et al., 2021),
but given that bryophyte species are rarely identifiable based on
spore morphology, air samples for bryophyte species identification
have hitherto not been an option, even though bryophyte spores
are mostly wind-dispersed and thereby readily present in the air.
However, environmental DNA (eDNA) from air samples should be
particularly well-suited for monitoring changes in bryophyte spore
composition, because these are primarily wind-dispersed.

A great variety of organisms can be detected using eDNA, that
is DNA suspended in non-biological substrates such as water, soil
and air. The interest in eDNA is surging as an alternative method
for biodiversity screening when access to monitoring data is hard
to obtain or requires limited and expensive expert input for taxo-
nomic determination. In addition, eDNA monitoring can reveal the
presence of organisms that go undetected with traditional methods
(Abrego et al., 2018; Johnson et al., 2021; Karlsson et al., 2020; Roger
et al.,, 2022). In this study, we analyse a globally unique shotgun-
sequenced aerial eDNA time series from Kiruna, northern Sweden,
spanning 1974-2008, assembled by the project Swedish Biodiversity
In Time and Space (Karlsson et al., 2020; Sullivan et al., 2023). The
Kiruna time series is a unique archive that provides a glimpse back
in time for phenological studies, especially of bryophytes, which are
particularly well represented in the database (Sullivan et al., 2023).
As bryophyte spores are predominantly wind dispersed, peaks in the
abundance of DNA reads can be interpreted to represent spore re-
lease events.

From the large dataset in Sullivan et al. (2023), we assess the
relative abundance distribution of 16 bryophyte genera, including
both mosses and liverworts, aiming to uncover long-term patterns
in their phenology. The first objective of this study is to provide a
unique description of the regional spore dispersal phenology in
bryophytes across the 35-year time series, to describe the mainly
unknown spore dispersal phenology, that is, when the selected taxa
disperse their spores and when the peak, or mid-season, of spore
dispersal occurs.

The second objective is to establish whether temporal shifts in
the spore dispersal phenology have occurred over time. A shift is
expected, given the changing climatic conditions during the sampled
period, during which the average temperature has been rising by c.
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2°Cin Kiruna (Lansstyrelsen i Norrbottens lan, 2017). We further in-
vestigate whether there are such changes in phenological timing and
if they are related to climatic conditions. Finally, we ask whether the
lengths of spore dispersal seasons changed during the time series.
Based on results from phenological studies in other plant groups and
climatic data, we hypothesize that the onset of spring events will

have advanced and that the sporulation season has been extended.

2 | MATERIALS AND METHODS
2.1 | Sample collection

The dataset used in our analysis is a subset of an analysis-ready
dataset generated by Sullivan et al. (2023), where, in total, 380 filter
samples representing each week throughout the growing seasons
of every second year during 1974-2008 were sampled. In Sullivan
et al. (2023), the airborne eDNA was sampled by a permanent
radionuclide monitoring station in the boreal forest of northern
Sweden, outside Kiruna (67.84°N, 20.42°E; Figure 1). These air
monitoring stations filter >100,000 m?® of air per week through 0.2-
pum silica base filters. Filters were collected weekly and stored in
long-term airtight containers. For further details about the sampling
procedure, see Soderstrometal.(2007). DNAwas isolated from filters
installed during weeks with a mean temperature above 0°C, every
second year between 1974 and 2008; this translated to sampling
between April and October at most. DNA extraction was performed
in three steps with different degrees of bead-beating intensity to
allow DNA extraction from a wide range of particle types. Five per
cent of each filter was used for extraction; on average, 230ng of
DNA was obtained. Libraries from extracted DNA were sequenced

on lllumina NovaSeq 6000 S4 flow cells using 2x 150bp output. In

total, ca. 30 terabases of high-quality metagenomic sequences were
generated. In brief, reads were assigned to genera using Kraken
2 (Wood et al., 2019) on a custom database (4.2TB), a gradient
boosting machine was trained to identify true positive taxa (resulting
in a precision of 93% and a recall of 72%), and proportions of reads
assigned to each genus were log-ratio-transformed.

Previously, it was found that eDNA can be preserved for de-
cades under these conditions with limited degradation (Karlsson
et al.,, 2020). To investigate if there was any detectable degrada-
tion of bryophyte DNA over time in the archived samples analysed
here, we calculated the yearly average summed pair-end read length
(Figure S1). For full details on sampling, database assembly and pro-
cessing, see Sullivan et al. (2023).

The permanent sampling station is situated in a relatively flat
lowland surrounded by spruce forests and mixed mires. Mountains
with snowbeds and rock outcrops in the vicinity contribute to het-
erogeneity in habitats and topography suitable for various bryo-
phyte species. The average annual temperature at the station
averaged over the sampled years was -1°C, where the warmest
month was typically July, and the average monthly temperature in
the warmest month each year was 12°C. The total average annual
precipitation for the sampled years was 522mm per year, and the
average monthly precipitation of the warmest quarter was 225mm
(data from SMHI 2024).

2.2 | Selected taxa

Sullivan et al. (2023) estimated that 5%-10% of the data were
bryophyte reads, which were assigned to taxa at the genus level using
the best available genomic reference data at the time of analysis

(December 2019) in GenBank. We selected 16 bryophyte genera
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FIGURE 1 Location of the sampling site (red point) in Northern Scandinavia, close to Kiruna in Sweden (67.84°N, 20.42°E). At the
sampling site, there was weekly sampling, and data from every second year were collected during the time series from 1974 to 2008.
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that were well represented by the number of reads (140 million reads
of 100 billion reads, i.e. 0.14%) and well characterized by available
genomic data. One of the authors (Nils Cronberg) visited the site and
surroundings in late August 2020, and the observations were used
to ensure that the selected genera matched the species present in
the vicinity of the filter collection point. We selected the studied
taxa based on the interpretability of the classified sequencing data
according to the following procedure: we first selected genera
that were monospecific in the study area. These species included
Ceratodon purpureus, Funaria hygrometrica and Pleurozium schreberi.
Second, we selected genera that were represented by one or more
species locally, but for which only one species was, to the best of
our knowledge, the predominant spore disperser in the region.
This group of species included most of the selected taxa: Bartramia
pomiformis, Tritomaria quinquedentata, Sanionia uncinata, Andreaea
rupestris, Ptilidium pulcherrimum, Tetraplodon mnioides, Pogonatum
urnigerum and Pohlia nutans. Additionally, we included a few genera
that we expected to comprise several species, as these constitute
a large part of the signal being locally abundant and sporulating,
such as Bryum, Dicranum, Polytrichum and Sphagnum. Finally, we
selected Marchantia polymorpha, which includes three subspecies
with differing ecology, of which one or two are present in the study
region (subsp. montivagans; possibly also subsp. ruderalis).

Species-specific traits can affect the strength of the relation-
ship between changes in phenology and climate change (Williams
et al., 2008). To this end, we summarize the life history traits of the
studied taxa in Table 1, including life strategy, time of year of fertil-
ization, spore capsule maturity and spore sizes. The data presented
in Table 1 are mostly based on older and less accessible literature.
We also summarize the lengths of reproductive cycles for the stud-
ied taxa based on reports from Lackner (1939 in Table S2).

2.3 | Data processing and statistical analyses

First, to illustrate phenology and general changes in phenology
over time, we produced heatmaps for each taxon, using pivot coor-
dinates to show the relative abundance (scaled to vary between O
and 1, using (x - min(x))/(max(x) - min(x))) of classified reads for each
week during each sampling year across the time series (see Sullivan
et al., 2023 for details). In addition, we plotted smoothed regressions
onto the heatmaps to describe the weekly relative abundance using
generalized additive models (GAMs), based on the function gam
from the mgcv package (v1.8-42) (Wood, 2011).

Second, we analysed two aspects of the spore-spreading phe-
nology: the timing and the length of the season. Regarding the tim-
ing, we quantified changes in the start of season (SS), mid-season
(MS) and end of season (ES) for each study year, based on the sea-
sonal distribution of relative spore abundance (following Lehikoinen
et al., 2019). Because of a low but continuous presence of reads
for most taxa, the presence of taxon-specific reads could not alone
signify the onset of spring (start of season). Instead, we used two
phenological thresholds to define the start of the season: the time
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points (weeks) when the cumulative annual relative abundance of
reads reached the 10th and 20th percentiles of the total annual rel-
ative abundance (SS,, and SS,,, respectively). Similarly, to define the
end of season, we used the timepoints when the cumulative annual
relative abundance reached the 80th and 90th percentiles (ESg, and
ES,,, respectively). We chose to analyse both the 10th and 20th
percentiles for SS, and the 80th and 90th percentiles for ES to test
for the sensitivity in the choice of thresholds. High and low ends of
a frequency distribution can be sensitive to extreme values late or
early in the season (but see Pearse et al., 2017), whereas percentiles
describing SS and ES will be relatively robust towards skewed distri-
butions caused by occurrence peaks or multinomial distributions. In
addition, we used the median (50%) of the cumulative annual relative
abundance distribution to describe the occurrence of the mid-period
of spore dispersal across the time period (MS; following Lehikoinen
et al., 2019). We then tested the effect of year on each of these phe-
nological variables, using separate quasi-Poisson regressions (using
function gls available in library nlme; Pinheiro et al., 2022) for each
phenology descriptor and taxon. In each model, we used the number
of weeks sampled each year (on a log,-scale) as an offset to control
for the effect of different sampling efforts between years.

We thereafter calculated SL as the number of weeks between
the cumulative relative abundance percentiles from early and late
seasons using the same descriptors of start of the season and end of
the season as above, that is between the 10th and 90th (SL,,_,,) and
between the 20th and 80th (SL,,_g,) percentiles. Then, we tested
relationships between these variables and year using quasi-Poisson
regression models, including the number of sampled weeks as an
offset (as above) to control for the effect of different sampling ef-
forts between years. We considered a change significant if the re-
gression was significant at p <0.05.

To visualize the model results, we extracted the phenological
event time points from the first and the last years in the time series
from the model fits and calculated the changes between these time
points (humber of weeks) over the time series. Also, for visualization,
we calculated the change in SL over the time series from the fitted
models.

For the taxa that showed significant changes in phenological tim-
ing at the start of the season, we tested if there was a correlation
between the week that a taxon reached SS, and SS,, respectively,
with climatic data from the closest weather station (SMHI, 2024).
We tested correlations (Spearman) with mean annual temperature
and summed annual precipitation, as well as with the previous year's
mean annual temperature and the mean for the 3rd and 4th quar-

ters, respectively.

3 | RESULTS AND DISCUSSION

Our novel use of airborne eDNA data reveals substantial changes
in bryophyte phenology, including several weeks' (3-6weeks)
advance since the 1970s in seasonal timing of spore dispersal for 15
of the 16 taxa. All taxa, except two of those 15, showed significant
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changes in both the 10th and 20th percentiles of spore release.
These phenological shifts constitute an overall prolonged spore
release season, although the taxa showed less consistent changes in
phenology at the mid-season and the end of the season. The shifts
are consistent with ongoing climate change, as the mean annual
temperature has increased by c. 1.7°C (calculated from the slope
of the regression line) at the closest weather station in Kiruna over
the surveyed period (linear regression, R% 0.27, F-statistic: 12.17
on 1 and 33 DF, p-value: 0.0014, Figure S2a). The summed annual
precipitation has not changed significantly (Figure S2b).

3.1 | Phenological shifts in the beginning and
mid-season

For each taxon, we calculated which week represented the time point
at which the cumulative annual relative abundance reached the 10th
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and 20th percentiles each year (SS,; and SS,, respectively) and used
models to test whether there were statistically significant changes
in these variables over time. The resulting models showed profound
shifts in spore dispersal timing across most studied bryophyte taxa
in our 35-year time series (Figure 2). Thus, SS,, was consistently
reached earlier towards the end of the time series in all studied taxa,
except the leafy liverwort Tritomaria quinquedentata (quasi-Poisson
regressions significance level 0.05; statistical data shown in Table 2).
Overall, the significant effects corresponded to spore spread reaching
SS,, between 3 and Sweeks earlier in 2008 than in 1974 based on
model predictions (Figure 2). In addition, most taxa also reached SS,,
significantly earlier with time (Table 2), except for Tritomaria, the
three moss genera Ceratodon, Pohlia and Polytrichum, and the thalloid
liverwort Marchantia, which did not show significant changes over
time in this respect. Based on model predictions, the timing for SS,,
varied slightly more than SS,,, advancing by 3-6weeks (SL change
for each taxon is shown in Figure 2).
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FIGURE 2 The spore dispersal timing and changes in timing between the years at the start (1974) and the end (2008) of the Kiruna time-
series for each studied taxon, based on quasi-Poisson regression model estimates for each taxon, testing the relationships between year
and each of the responses describing start of season (10th and 20th percentiles), mid-season (50th percentile) and end of season (80th and
90th percentiles). The percentiles describe the week when relative annual abundance reached that threshold. Model results are illustrated
by comparing model-estimated phenology descriptors as week numbers (translated to dates using first day of the week) for the study years
1974 and 2008. The change in season length over the time series was also calculated from the fitted models for the purpose of visualization
(blue and green bars for 1974 and 2008, respectively). The right column shows the number of weeks the changes correspond to, including

the changes in season length, with significant models labelled with stars.
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TABLE 2 Model estimates on phenological shifts in 16 bryophyte taxa during the start of season, based on the time by which the annual

cumulative, relative abundance reached the 10th or 20th percentiles out of the entire distribution.

Week of 10th percentile

BENGTSSON ET AL.

Deviance Estimate Standard

Genus squared (e”x) error

Andreaea 0.42 -0.0052 0.0016
Bartramia 0.54 -0.0070 0.0017
Bryum 0.38 -0.0059 0.0020
Ceratodon 0.36 -0.0058 0.0020
Dicranum 0.35 -0.0042 0.0015
Funaria 0.44 -0.0054 0.0016
Pleurozium 0.38 -0.0038 0.0013
Pogonatum 0.38 -0.0043 0.0014
Pohlia 0.25 -0.0046 0.0021
Polytrichum 0.24 -0.0043 0.0020
Sanionia 0.41 -0.0047 0.0014
Sphagnum 0.45 -0.0058 0.0016
Tetraplodon 0.39 -0.0059 0.0019
Marchantia 0.49 -0.0059 0.0016
Ptilidium 0.45 -0.0058 0.0017
Tritomaria 0.16 -0.0017 0.0010

Week of 20th percentile

Deviance Estimate Standard
p-value squared (e”x) error p-value
0.005 0.57 -0.0054 0.0012 0.0004
0.001 0.49 -0.0079 0.0021 0.002
0.009 0.41 -0.0058 0.0018 0.006
0.01 0.06 -0.0018 0.0018 0.3
0.01 0.39 -0.0043 0.0014 0.007
0.004 0.49 -0.0058 0.0015 0.002
0.009 0.51 -0.0053 0.0013 0.001
0.009 0.45 -0.0055 0.0016 0.003
0.04 0.14 -0.0026 0.0016 0.1
0.05 0.17 -0.0039 0.0022 0.10
0.005 0.45 -0.0046 0.0013 0.003
0.003 0.35 -0.0051 0.0018 0.013
0.007 0.25 -0.0061 0.0027 0.04
0.002 0.20 -0.0035 0.0018 0.07
0.003 0.47 -0.0051 0.0014 0.003
0.1 0.13 -0.0017 0.0011 0.2

Note: Deviance squared is a measure of how well the model fits the data, with lower values indicating a better fit. The Estimate represents the
predicted change in the response variable for a unit change in the predictor variable. The standard error (SE) reflects the variability in the estimate.
The p-value indicates the probability of observing the results. We follow the convention of calling p-values <0.05 significant, but also take note of

values <0.1, marked in orange. A clear or orange p-value is interpreted as evidence of or slightly less strong evidence of change in phenological timing

for that taxon. N for each regression=17. ‘ p>0.1

1 p>05 -

Our results on advancing biological spring align well with
studies on vascular plant communities, showing an ongoing shift
towards earlier phenological events during spring in arctic and
subarctic regions (Bjorkman et al., 2020), including our study re-
gion (MacDougall et al., 2021). A meta-analysis of phenological
records on plants and animals in Europe (Menzel et al., 2006) sug-
gested that spring events advanced 2.5 days per decade (between
1970 and 2000). Our data on bryophytes suggest a more accel-
erated shift, translating to 8 days per decade, which is consistent
with the notion that climate change is faster in northern regions
(AMAP; Arctic Management and Assessment Programme, 2012),
but also that bryophytes might be more sensitive to changes in
climate. Such strong phenological shifts may have effects on the
bryophyte flora through changed recruitment or indicate ongo-
ing changes in community composition, with possible influence on
associated grazers such as lemmings (Virtanen et al., 2002) and
reindeer (Bernes et al., 2015).

The point when 50% of the annually observed spores were cap-
tured (M50) differed among taxa over time (Figure 2). It occurred
significantly earlier over time in five of the studied taxa, showing
dramatic phenological shifts ranging between 4.1 and 7.5 weeks ear-
lier towards the end of the time series (Table 3). In nine taxa, we
found no changes over time in M50, and in two taxa (Tetraplodon
and Ceratodon), the effects were the opposite, with M50 occurring

1.7 and 2.8weeks later, respectively, in 2008 compared to 1974
(p<0.05). Heatmaps (Figure S2a-d) revealed that the peak in rela-
tive abundance in some taxa shifted from early to later, resulting in
double peaks overall. Other taxa, such as Polytrichum, were charac-
terized by two peaks over time, potentially because different species
within the genera peak at different times. In contrast, Tetraplodon
and Ceratodon reached 50% in their annual occurrence later than
others. Both are colonizers, Tetraplodon growing on scats and
Ceratodon on exposed bare soil (Table 1). In these cases, the peak
dispersal might, for example, be controlled by a shift in the temporal
abundance of the substrates or an ability to reproduce sexually in
previously unsuitable areas, although somewhat delayed, potentially
as such areas might still be suboptimal.

3.2 | Changes in the end of season and
season length

In contrast to phenological changes at the start of the season and at
M50, we found little evidence of phenological shifts towards an earlier
ending of the season. Only the liverwort Ptilidium reached ESg (the
timepoint when the cumulative annual relative abundance reached the
80th percentile) significantly earlier in the season towards the end of
the time series (p<0.05; Table 4), corresponding to 2.7 weeks earlier
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TABLE 3 Model estimates on phenological shifts in 16
bryophyte taxa during the mid-season, based on the time by which
the annual cumulative, relative abundance reached the median of
the entire distribution.

Week of median

Deviance  Estimate Standard

Genus squared (e”?x) error p-value
Andreaea 0.16 -0.002 0.001 0.11
Bartramia 0.14 -0.002 0.001 0.14
Bryum 0.05 -0.001 0.001 0.38
Ceratodon 0.27 0.002 0.001 0.03
Dicranum 0.29 -0.006 0.002 0.02
Funaria 0.29 -0.004 0.002 0.03
Pleurozium 0.25 -0.004 0.002 0.04
Pogonatum 0.01 0.000 0.001 0.68
Pohlia 0.03 0.001 0.001 0.49
Polytrichum 0.03 0.001 0.001 0.52
Sanionia 0.28 -0.004 0.002 0.027
Sphagnum 0.02 -0.0003 0.001 0.62
Tetraplodon 0.38 0.002 0.001 0.009
Marchantia 0.02 0.000 0.001 0.58
Ptilidium 0.59 -0.008 0.002 0.0003
Tritomaria 0.01 0.000 0.001 0.66

Note: Deviance squared is a measure of how well the model fits the
data, with lower values indicating a better fit. The estimate represents
the predicted change in the response variable for a unit change in the
predictor variable. The standard error (SE) reflects the variability in the
estimate. The p-value indicates the probability of observing the results.
We follow the convention of calling p-values <0.05 significant, but also
take note of values <0.1, marked in orange. A clear or orange p-value is
interpreted as evidence of or slightly less strong evidence of change in
phenological timing for that taxon. N for each regression=17. ;

based on model predictions (Figure 2). However, in seven taxa, either
ESg, or ES, occurred significantly or marginally non-significantly later
(p<0.1; Table 4), corresponding to c. 2weeks (Figure 2).

The period of spore dispersal, that is SL, was significantly extended
for nearly all taxa over time (quasi-Poisson regressions, p<0.05;
Table 5). SL,,_o, was extended between three and 8 weeks, whereas
SL,y_go Was extended between two and a half to seven and a half
weeks. The exceptions were two liverworts, Tritomaria and Ptilidium,
showing no significant changes in SL, although the latter showed a
marginally, non-significantly longer SL corresponding to 3weeks based
on predicted values for SL,, o, (p<0.1; Table 5, Figure 2). The lengths
of reproductive cycles range from 10.5 to 24.5months, according to
Lackner (1939; Table S2). No systematic survey exists for liverworts,
but Marchantia polymorpha has a short cycle of 3months under arti-
ficial cultivation (Ishizaki et al., 2016) and is known to complete fertil-
ization, capsule maturation and spore release in one season. The leafy

liverwort Lophozia silvicola (related to Ptilidium and Tritomaria) has a
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2-yearcycle with gametangial development during the first year and
sporophyte formation during the second (Laaka-Lindberg, 2005).
These results are consistent with research on vascular plants, re-
vealing that late-season phenostages, such as leaf senescence, tend
to show less pronounced shifts compared to spring events (Menzel
et al., 2006). For example, MacDougall et al. (2021) did not find clear
changes in either senescence or SL, suggesting a dependence on the
timing of flowering/fertilization or pollinator availability, rather than

climatic conditions late in the season.

3.3 | Variation in peak spore release and dispersal

In Figure S2a-d, we observed interannual variations in peak spore
dispersal, matching what we know about bryophyte biology. Once
bryophyte spores reach maturity, their dispersal relies on weather
conditions and species employ alternative strategies (Zanatta
et al.,, 2018). Most mosses prevent spore release in high humidity
through hygroscopic capsule teeth that shut the capsule opening.
Such mechanisms ensure a gradual spore release under optimal con-
ditions but turn off dispersal during unsuitable weather conditions,
such as prolonged rain periods.

Heatmap analyses revealed clusters of bryophyte taxa showing
markedly similar fluctuations over time (left panel Figure S3a-d).
First, a cluster of seven taxa with consistent advances in early-
season phenologies (the mosses Andreaea, Bartramia, Bryum, Funaria,
Pleurozium, Sanionia and the liverwort Ptilidium) had higher relative
abundances spread over the seasonin the first part of the time series,
followed by a slightly more concentrated occurrence in the middle of
the season (around week 30) until 1990, after which a shift occurred
towards a concentrated high relative abundance in the early season
from the 90s and onwards (right panel Figure S3a-d). A clear shift
towards concentrated high relative abundances earlier in the season
also characterized Dicranum, showing two peaks (around week 20
and week 35, respectively) until around 1985 (Figure Sla-d). These
taxa also showed significant advances in mid-season phenology (ex-
cept for Andreaea and Bartramia; see above).

Second, a cluster of three taxa (Ceratodon, Pohlia and Sphagnum)
all had one clear peak during the late summer period but showed no
visible shifts in the occurrence of high annual relative abundances
(and showed no signs of advances in mid-season phenology; see
Figure S3a-d and Table 3). High annual relative abundance concen-
trated around week 30 for Ceratodon and Pohlia, and around week 35
for Sphagnum. In our study, Sphagnum showed a distinct, short-lasting
peak, although variation in the timing of spore maturation occurs
among Sphagnhum subgenera, possibly due to photoperiodic control
(Cronberg, 1993). Individual Sphagnum spore capsules disperse all the
spores at once in an explosive event when the capsules are dry enough
for the lids to pop off (Sundberg, 2010). Although there may still be in-
dividual or species variation in the timing of spore capsule maturation,
suitable weather conditions could synchronize spore release.

Third, one cluster of species showed multiple peaks across the sea-
son. Among these, Pogonatum and Polytrichum showed two clear peaks
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TABLE 4 Model estimates on phenological shifts in 16 bryophyte taxa during the end of the season, based on the time by which the
annual cumulative, relative abundance reached the 10th or 20th percentiles.

Week of 80th percentile

Week of 90th percentile

Deviance Estimate Standard Deviance Estimate Standard

Genus squared (e?x) error p-value squared (e”x) error p-value
Andreaea 0.00 0.0000 0.0009 0.99 0.01 0.0003 0.0010 0.78
Bartramia 0.15 0.0013 0.0008 0.12 0.17 0.0002 0.0008 0.095
Ceratodon 0.21 0.0014 0.0007 0.06 0.31 0.0020 0.0007 0.02
Funaria 0.04 0.0009 0.0012 0.44 0.09 0.0012 0.0010 0.24
Pleurozium 0.03 -0.0005 0.0008 0.53 0.06 0.0008 0.0009 0.34
Sanionia 0.06 -0.0010 0.0010 0.33 0.01 0.0004 0.0009 0.66
Pogonatum 0.20 0.0013 0.0007 0.07 0.26 0.0014 0.0006 0.03
Pohlia 0.02 0.0003 0.0006 0.62 0.05 0.0006 0.0007 0.37
Tetraplodon 0.46 0.0019 0.0005 0.003 0.52 0.0023 0.0006 0.001
Bryum 0.21 0.0018 0.0009 0.07 0.25 0.0019 0.0008 0.04
Dicranum 0.02 -0.0006 0.0010 0.59 0.00 0.0001 0.0009 0.92
Polytrichum 0.22 0.0013 0.0006 0.06 0.28 0.0015 0.0006 0.03
Sphagnum 0.08 0.0006 0.0005 0.29 0.12 0.0010 0.0007 0.18
Marchantia 0.23 0.0011 0.0005 0.05 0.29 0.0014 0.0006 0.03
Ptilidium 0.30 -0.0023 0.0009 0.02 0.08 -0.0009 0.0008 0.28
Tritomaria 0.03 0.0003 0.0004 0.52 0.00 -0.0002 0.0007 0.83

Note: Deviance squared is a measure of how well the model fits the data, with lower values indicating a better fit. The estimate represents the
predicted change in the response variable for a unit change in the predictor variable. The standard error (SE) reflects the variability in the estimate.
The p-value indicates the probability of observing the results. We follow the convention of calling p-values <0.05 significant, but also take note

of values <0.1, marked in orange. A clear or orange p-value is interpreted as evidence of, or slightly less strong evidence of change in phenological

timing for that taxon. N for each regression=17.|p>0.1 |; | p>0.5 |

in relative abundance, of which the second was taller (Figure S3b,c).
Tetraplodon and Marchantia were, in turn, characterized by a high initial
relative abundance, indicating that some early-season dispersal activ-
ity was missed (Figure S3d). Tritomaria had low initial relative abun-
dances followed by diffuse peaks across the season (Figure S3a-d).
Given the lack of knowledge about bryophyte responses to
global change, it is hard to point out the mechanisms contributing
to the differences between the taxa. As bryophytes represent a
highly diverse group of plants, it is hardly surprising that their cli-
matic responses differ. In general, research on bryophyte phenol-
ogy is overall scarce, and although our study significantly advances
the knowledge base, more research is needed, particularly to un-
derstand the underlying mechanisms that cause different responses
between bryophyte species and potential consequences for popula-

tion persistence under climate change.

3.4 | Environmental drivers

In general, the understanding of environmental control of bryophyte
reproductive phenology is limited. Bryophytes display similarities, as
well as fundamental differences in physiology compared to vascular
plants, for example in water regulation (Proctor, 1990) and circadian
clocks (Linde et al., 2017). Water availability is vital to bryophyte

growth, and growth ensues even at relatively low temperatures and
light intensities, provided the water is not frozen (Proctor, 1990).
Gene complexes controlling the circadian clocks are simpler than
those of vascular plants but might contribute to the timing of
phenological responses.

Our study did not extensively analyse environmental drivers of
the phenological changes, which we identify as a critical knowledge
gap for future research. Nevertheless, we tested the correlation
between average annual temperature and precipitation versus the
week number that the 10th and 20th percentiles of relative abun-
dance (SS,, and SS,,, respectively) were reached every year. We
found no significant correlations for precipitation and next to no sig-
nificant correlations for temperature during the present year, but for
the average temperature of the previous year, most correlations were
significant (Table S1). Autumn conditions may determine the stage of
sporophyte maturation reached by the time of hibernation, affecting
the timing of spore release in the subsequent spring. Therefore, we
followed up by testing the correlation of SS,, and SS,, mean tem-
peratures of the previous years' 3rd and 4th quarters. Most of these
correlations were significant, indicating that autumn temperature is
indeed a major driver for bryophyte spring phenology.

We hypothesize that climatic factors are primary cues for spore
capsule ripening and spore release for most taxa. For example,
earlier snowmelt removes the physical barrier of snow but also,
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TABLE 5 Model estimates on phenological season length changes in 16 bryophyte taxa, based on the number of weeks between the
time by which the 10th and the 90th percentiles were reached, or the number of weeks between the time by which the 20th and 80th
percentiles were reached.

Weeks between 10th and 90th percentile

Weeks between 20th and 80th percentile

Deviance Estimate Standard

Genus squared (e”x) error

Andreaea 0.32 0.008 0.003
Bartramia 0.67 0.012 0.002
Ceratodon 0.60 0.014 0.003
Funaria 0.48 0.009 0.002
Pleurozium 0.40 0.007 0.002
Ptilidium 0.20 0.005 0.003
Sanionia 0.38 0.007 0.002
Tritomaria 0.06 0.002 0.002
Pogonatum 0.55 0.009 0.002
Pohlia 0.28 0.010 0.004
Tetraplodon 0.63 0.013 0.003
Bryum 0.51 0.011 0.003
Dicranum 0.41 0.005 0.002
Marchantia 0.65 0.012 0.002
Polytrichum 0.41 0.010 0.003
Sphagnum 0.63 0.011 0.002

Deviance Estimate Standard

p-value squared (e”x) error p-value
0.019 0.39 0.010 0.003 0.007
0.0001 0.55 0.018 0.004 0.001
0.0002 0.27 0.010 0.004 0.030
0.002 0.44 0.011 0.003 0.004
0.007 0.35 0.009 0.003 0.012
0.074 0.10 0.003 0.002 0.23
0.009 0.20 0.006 0.003 0.070
0.37 0.17 0.005 0.003 0.11
0.001 0.56 0.015 0.003 0.001
0.029 0.26 0.009 0.004 0.043
0.0001 0.46 0.018 0.005 0.003
0.001 0.58 0.015 0.003 0.000
0.007 0.29 0.006 0.002 0.025
0.000 0.38 0.012 0.004 0.007
0.005 0.34 0.014 0.005 0.011
0.0001 0.42 0.016 0.005 0.003

Note: Deviance squared is a measure of how well the model fits the data, with lower values indicating a better fit. The estimate represents the
predicted change in the response variable for a unit change in the predictor variable. The standard error (SE) reflects the variability in the estimate.
The p-value indicates the probability of observing the results. We follow the convention of calling p-values <0.05 significant, but also take note of
values <0.1, marked in orange. A clear or orange p-value is interpreted as evidence of or slightly less strong evidence of change in phenological timing

for that taxon. N for each regression=17. ; .

importantly, increases light availability and the risk of frost dam-
age (van Zuijlen et al., 2024). Our data suggest that sporophyte
development is more flexible concerning the winter resting period
than previously perceived. For bryophytes, we know little about
the mechanisms that regulate seasonal allocation to growth versus
sexual reproduction. Hagerup (1935) states that vegetative devel-
opment is paused before winter at different intrinsically controlled
stages depending on species. Lackner (1939) indicates that many
bryophytes halt sporophyte development or gamete production
before the end of the growing season. For example, Sphagnum
species initiate antheridia—a sensitive stage (Sundberg, 2002)—
before winter, followed by fertilization in the subsequent spring
or summer and spore production later in the same season
(Cronberg, 1993). It is thus unclear whether reproductive organs
or sporophytes are programmed to hibernate in a specific stage.
Notably, our data indicate that sporophyte maturation could pro-
ceed further in a milder climate, resulting in more developed spore
capsules at the onset of winter and earlier spore release in spring.
This is comparable to vascular plant resilience to climate warming
(Prevey et al., 2017) by the initiation of flower buds in the autumn
that develop and flower early in the next season. Such adaptations
may carry risks, like delays in autumn temperature decline or more
unpredictable weather that could affect preparedness for winter

(Taulavouri, 2013). Unexpected weather may also prematurely
break winter and freeze tolerance or interrupt dormancy during
warm spells (Taulavouri, 2013), potentially jeopardizing the produc-
tion of viable spores in bryophyte spore capsules.

Our results are consistent with studies on other organisms, such
as Menzel et al. (2006), that found temperature to be the primary
driver of phenological change in reproductive traits among 542
vascular plant species and 19 animal species. Environmental fac-
tors and conditions other than temperature also affect plant phe-
nology. For example, photoperiod has an impact on arctic vascular
plants (Bjorkman et al., 2017), while lichens may depend more on
precipitation and snow regime (Bjork & Molau, 2007). MacDougall
et al. (2021) concluded that snowmelt timing may be more critical
than temperature for phenological events in vascular plants.

The phenology of the leafy liverwort Tritomaria quinquedentata
differs from all other species in this study by showing no phenologi-
cal changes over time, indicating spore dispersal primarily controlled
by photoperiod rather than temperature. Regarding late succes-
sional tree species, Kérner and Basler (2010) noted a photoperiod
threshold for winter dormancy to break, while opportunistic tree
species are solely affected by temperature. In this respect, many of
our taxa could be considered opportunists, better equipped to adapt
to warming, contrasting with species with conservative responses to
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warming (Kérner & Basler, 2010). Despite this, phenological shifts
pose a risk of mismatches with substrate availability and water
requirements needed for successful establishment (Wiklund &
Rydin, 2004).

Our study shows clear changes in relative spore abundances
within the seasons (Figure S3a-d). A milder climate, coupled with an
extended season and more favourable microclimatic niches, could
allow species to colonize new sites or initiate spore production for
a species in habitats where it was previously reliant on vegetative
reproduction (De Frenne et al., 2021). Although many bryophytes
primarily propagate vegetatively (Newton & Mishler, 1994), sex-
ual reproduction and spore dispersal play crucial roles in ensuring
the ability to colonize new sites and generate potentially adaptive
genotypes.

The effects of environmental changes on arctic and subarc-
tic bryophyte communities are still poorly understood. Bjorkman
et al. (2020) found that the abundance and biomass of most plant
species in northern habitats were unaffected by experimental
warming and did not increase during monitoring. Their meta-study
reported bryophytes as one functional group with a stable abun-
dance, without considering species turnover or whether declining
species were replaced by other species. Studies from alpine Finse,
central Norway, over three decades suggest that bryophytes expand
under ambient warming with some species turnover (summarized in
Roos et al., 2023). Experimental transplantations of bryophytes at
their warm range margin in boreal forest show that they can stand
increased temperatures but suffer from indirect effects such as com-
petition, herbivory, leaf litter shading, and water scarcity (Greiser
et al., 2021). Transplanting experiments have also demonstrated
differential responses indicative of adaptation to specific microcli-
mates (Merinero et al., 2020).

3.5 | Dispersal ranges and spore viability

The dispersal ranges and viability of the spores after deposition are
crucial points in interpreting our results. Bryophyte spore release is
strongly leptokurtic, with most spores deposited close to the sporu-
lating individual (Lonnell et al., 2012; McQueen, 1985). However,
bryophyte spores (ranging 10-40pum in diameter among our taxa)
can readily become airborne, and genetic data suggest a generally
high dispersal capacity (Fichant et al., 2023). Long-distance disper-
sal can be enhanced by turbulent weather (Lénnell et al., 2015), but
modelling of particles of 22 pm in the region suggests that the catch-
ment area is roughly 50km (Sullivan et al., 2023). This aligns with
experimental data from Canada indicating that the bryophyte spore
cloud is dominated by spores dispersed in a range of 1.5-10km
(Barbé et al., 2016). We cannot exclude that our data is influenced by
long-distance dispersal, but relatively late peaks (compared to condi-
tions in southern Sweden) indicate deposition from regional sources.

Experiments with liverwort spores carried in specially designed
containers on the outside of aircrafts demonstrate a varying sur-
vival capacity under UV radiation, drought, and low temperatures

at high elevations, correlating with distribution patterns (van Zanten
& Gradstein, 1988). Moss spores have variable lifespans in drought,
ranging from 1 to over 6months (Dalen & Sdderstrom, 1999;
Wiklund & Rydin, 2004). Genomic data, especially for some spe-
cies of Sphagnum, show that they can travel far and still be viable
(Sundberg et al., 2006). To conclude, regional sources most likely
dominate our data, but long-range dispersal is possible, and most
spores retain viability for some time in the air column.

Finally, one cluster was characterized by three taxa (Bartramia,
Bryum and Funaria) with relative abundances either showing two
peaks, the first taller than the second, or high initial relative abun-
dances, indicating that the sampling period did not fully capture the
entire season (Figure S3a-d). This relates to a general concern with
the passively collected air-filter data; the ‘everything is everywhere’-
problem (Clare et al., 2021), illustrated by Sullivan et al. (2023) that
found all types of organisms in their material, including taxa that
do not occur in the study area. Relevant to our study, we observed
bryophyte reads outside of the sporulation season. These reads may
have originated from more or less viable spores floating in the air
column for extended time periods, from spores attached to aerosols
of different kinds, or from spores re-suspended from the ground by
turbulence. We nevertheless believe that using quantiles to reflect
phenological events early and late in the season is a relatively robust
method to capture phenological shifts, as has been done in research
on birds (cf. Knudsen et al., 2011; Lehikoinen et al., 2019).

Another source of uncertainty in our study related to the rela-
tive abundance starting comparatively high in spring is introduced
by the fact that DNA was only extracted from filters collected
when temperatures exceeded 0°C, because initial studies revealed
low levels of DNA in the air during winter (Karlsson et al., 2020),
although this was not directly assessed for bryophytes. While we
accounted for the length of the sampling season in the analyses by
including the number of weeks as an offset variable, we note that
this effect could still cause heterogeneity in the within-season
phenology (see Figure S3a-d). In Kiruna, temperatures below 0°C
typically mean that the snow cover effectively blocks the disper-
sal of any kind of bryophyte fragments from the ground. Elevated
surfaces such as tree trunks and rock ledges may be free from
snow, which could explain why the rock-wall specialist genus
Bartramia often reached high relative abundance at the beginning
of the spring. We also observed early relative abundance of reads
for Funaria, which might be attributed to its habit of colonizing
fireplaces where high salt concentration in the charcoal, along
with low albedo, accelerates snowmelt in the spring (Gleason &
Nolin, 2016).

Additionally, other kinds of bryophyte tissues besides spores
are possible sources for our dataset, similarly to studies on vascu-
lar plants, where pollen is not the sole source of air-borne eDNA
(Johnson et al., 2019). In theory, detached fragments or vegeta-
tive dispersal agents can be caught in the air filters, although these
sources likely represent a smaller part of the signal than the light
bryophyte spores. Another potential source is male gametes dis-
persed through scattered raindrops (Clayton-Greene et al., 1977) or
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carried by microarthropods (Cronberg et al., 2006). Similarly, small
flies are believed to be the major dispersers of the sticky spores of
Tetraplodon (Marino, 1991), which is abundant in the vicinity of the
sample station. Although these factors may increase noise in our
dataset, we see no reason why the likelihood of these sources of
error would have changed over time to bias our main results.

eDNA preservation over time may raise concerns, as multi-
decadal storage could lead to the gradual degradation of DNA.
However, we have taken various measures to assess this problem
(Sullivan et al., 2023), including removing trends correlated with DNA
degradation over time. The sampled filters were stored in air-tight
containers in the ambient temperature of an underground storage
facility, resulting in the successful preservation of bryophyte DNA
with minimal degradation (cf. Figure S1). Even if some degradation
has occurred, this is unlikely to systematically affect the detection of
spore release timing between years, which is the focus of this study.
Furthermore, Karlsson et al. (2020) and Sullivan et al. (2023) showed
that the phenological patterns of pollen and long-term trends in bird
abundances can accurately be reconstructed from eDNA recovered

from the archived filters.

4 | CONCLUSIONS AND FUTURE
DIRECTIONS

Our study is the first to document phenological differences in spore
dispersal of multiple bryophyte taxa, and to demonstrate sub-
stantial phenological shifts in spore phenology over time, consist-
ent with climate change. We also refer to historical records across
Europe (Arnell, 1875, 1905; Grimme, 1903; Lackner, 1939), which
are relatively inaccessible (summarized in Table 1; Table S2). In con-
trast to the older data (based on field observations and herbarium
specimens), we can quantify the annual spore dispersal phenology
and analyse phenological changes over decades. While differences
in data sampling techniques and study location complicate direct
comparison between the datasets, we note that data from the later
part of our sampling period tend to approach earlier reported spore
release periods, derived from more southerly European regions.
Importantly, we conclude that bryophyte phenology is more flexible
and dynamic than earlier anticipated.

Modern metagenomic analysis on shotgun sequenced airborne
eDNA samples (Sullivan et al., 2023) allowed us to undertake this
study, demonstrating that eDNA could be used to monitor bryo-
phyte phenology over time, and the same methodology would
greatly advance our possibilities to detect temporal changes in
bryophyte communities more broadly. However, it should be ac-
knowledged that there are challenges involved in the extraction and
quantification of DNA from samples of this kind, considering degra-
dation over time, the compositional nature of the data and restric-
tions of available genomic data for classification of reads (Sullivan
et al., 2023). Also, it should be noted that species that rarely pro-
duce sporophytes or other situations in which the abundance of a
species is not correlated with sporophyte production, would lead to
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mis-representation in such a monitoring scheme. Ideally, continuous
field monitoring, coupled with eDNA collection, would be valuable
for validating the relationship between spore release and eDNA cap-
ture (Roger et al., 2022).

As genomic resources covering more species become available,
studies at lower taxonomic levels can be performed in the future.
Further studies could elucidate how species-specific life history
traits and habitat specificity affect the potential of bryophytes to
adapt to changing environmental conditions. Another important re-
search gap relates to understanding intra-annual variation in spore
abundance depending on a range of environmental variables, includ-
ing snowmelt and meteorological parameters. Finally, the surveys of
bryophyte eDNA can be extended both in time and space as air sam-
ples stored as glass-fibre sheets have been collected from a handful
of stations across Sweden since the 1960s.

The long-term consequences of altered bryophyte phenology are
potentially strong. Regarding individual species, shifts in spore release
timing may prove detrimental, for example if it causes a mismatch with
the availability of colonization sites or a swamping of the spore cloud
by certain species so that competitive exclusion occurs between spe-
cies at spore germination (Cheng et al., 2024). Bryophytes comprise
multiple functional groups and play crucial roles in ecosystems, such
as N fixing (Rousk et al., 2013) and C sequestration (Yu, 2012), insu-
lation of the soil (Blok et al., 2011) and albedo (Xiao & Bowker, 2020).
Changes in bryophyte community composition may change these
roles and impact other groups of organisms through direct or indirect
interactions, highlighting a potential for bryophytes as ‘canaries in the

coal mine’ for climate change using eDNA practices.
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Additional supporting information can be found online in the
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Figure S1. DNA fragment length for bryophytes is stable over time.
The lengths of pair-end reads assigned to each bryophyte genus
were summed, and the average combined length plotted by year.
Figure S2. Yearly annual weather data from the closest Kiruna
weather station for all years between 1974 and 2008. Plots show (a)
mean temperature and fitted line (linear regression) and (b) summed
annual precipitation and fitted line (linear regression).

Figure S3. (a) eDNA reads used to describe bryophyte phenology and
phenological changes over time in genera Andreaea, Bartramia, Bryum
and Ceratodon. Left panel: heatmaps based on pivot coordinates

showing the relative abundance (scaled to vary between 0 and 1, using
(x - min(x))/(max(x)-min (x))) of classified reads for each week during
each sampling year across the Kiruna time-series. Right panel: Plotted
smoothed regressions describing the weekly relative abundance, using
generalized additive models (GAMs). (b) eDNA reads used to describe
bryophyte phenology and phenological changes over time in genera
Dicranum, Funaria, Pleurozium and Pogonatum. Left panel: heatmaps
based on pivot coordinates showing the relative abundance (scaled to
vary between 0 and 1, using (x - min(x))/(max(x) - min (x))) of classified
reads for each week during each sampling year across the Kiruna
time-series. Right panel: Plotted smoothed regressions describing
the weekly relative abundance, using generalized additive models
(GAMs). (c) eDNA reads used to describe bryophyte phenology and
phenological changes over time in genera Pohlia, Polytrichum, Sanionia
and Sphagnum. Left panel: heatmaps based on pivot coordinates
showing the relative abundance (scaled to vary between 0 and 1, using
(x = min(x))/(max(x) - min (x))) of classified reads for each week during
each sampling year across the Kiruna time-series. Right panel: Plotted
smoothed regressions describing the weekly relative abundance, using
generalized additive models (GAMs). (d) eDNA reads used to describe
bryophyte phenology and phenological changes over time in genera
Tetraplodon, Marchantia, Ptilidium and Tritomaria. Left panel: heatmaps
based on pivot coordinates showing the relative abundance (scaled to
vary between 0 and 1, using (x - min(x))/(max(x) - min (x))) of classified
reads for each week during each sampling year across the Kiruna time-
series. Right panel: Plotted smoothed regressions describing the weekly
relative abundance, using generalized additive models (GAMs).

Table S1. Correlations between mean annual temperature, mean
temperature of the autumn of the previous year (3rd and 4th quarters)
and phenological variables for the start of season, that is, the week
number that the 10th, and 20th percentiles (SSlo, SS,0 respectively)
of relative abundance were reached every year. Rows containing taxa
for which the phenological change was not significant in our models
are shown in grey. p-values above 0.1 are shown in red.

Table S2. Duration of different stages in the reproductive cycles
based on Lackner (1939) of taxa shared between our study and
Lackner (1939). The numbers denote the month numbers marking
the initiation and completion of each stage within the reproductive
cycle for each taxon. The letter “W” indicates that the taxon
overwinters at the end of that particular stage, in parenthesis means
it is not always the case. By “Contributing species” we mean that the
species listed under “Species” is one of the species that should be
the origin of the eDNA signal in our study.
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