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Reports of declines in biomass of flying insects have alarmed
the world in recent years. However, how biomass declines reflect
biodiversity loss is still an open question. Here, we analyze the
abundance (19,604 individuals) of 162 hoverfly species (Diptera:
Syrphidae), at six locations in German nature reserves in 1989
and 2014, and generalize the results with a model varying decline
rates of common vs. rare species. We show isometric decline
rates between total insect biomass and total hoverfly abundance
and a scale-dependent decline in hoverfly species richness, rang-
ing between −23% over the season to −82% at the daily level.
We constructed a theoretical null model to explore how strong
declines in total abundance translate to changing rank-abundance
curves, species persistence, and diversity measures. Observed
persistence rates were disproportionately lower than expected
for species of intermediate abundance, while the rarest species
showed decline and appearance rates consistent with random
expectation. Our results suggest that large insect biomass declines
are predictive of insect diversity declines. Under current threats,
even the more common species are in peril, calling for a reeval-
uation of hazards and conservation strategies that traditionally
target already rare and endangered species only.

biodiversity loss | insect decline | temporal scaling

Recent reports from lowland Germany have demonstrated a
3/4 loss in the biomass of flying insects in protected areas

over a period of less than 30 y (1), as well as severe declines in
abundance for several groups of insect species (2). These findings
question the stability of ecosystem functioning under contempo-
rary European land use. A biomass drop of such proportions can
hardly be envisaged without cascading trophic effects (3–5) or
without disruptions in pollination (6–8) and nutrient cycling (9).
Most of these potentially far-reaching consequences will depend
on the nature of the decline with respect to the abundance and
diversity of the insect species in question (10). Hence, there is
an urgent need to unravel whether and how total insect biomass
decline translates into declines in the abundance and richness of
insect species.

Long-term, taxon-specific studies on insects have revealed
ongoing numerical declines and range contractions over the
past decades (11–22). However, it is difficult to reconcile their
findings with insect biomass decline as they represent 1) dif-
ferent facets of diversity changes (changes in areal coverage,
species lists, abundance, and biomass), 2) differences in sampling
methodology, and 3) differences with respect to the spatial and
temporal scale of inference. As such, it is not straightforward to
predict how the 3/4 decline in total flying-insect biomass in the
Krefeld data (1) translates into abundance and diversity loss of
insect species. Nonetheless, whether or not biomass losses are
equally distributed over rare and common species could have
large consequences for ecological functionality, such as affecting
food availability at higher trophic levels (23, 24).

Interspecific variation in abundance changes may help uncover
factors associated with the observed insect biomass loss. How-
ever, to predict the relationships between total insect biomass

declines with persistence and abundance changes at the species
level, as well as changes in diversity metrics at the community
level, requires that we account for the stochastic nature of the
processes involved (e.g., higher extirpation rates for rare species)
(25, 26). Additionally, imperfect species detection during sam-
pling in the field (i.e., species with low abundance could easily be
missed) prevents a straightforward comparison of insect assem-
blages over time (27). To facilitate a meaningful analysis, we
developed a theoretical framework, in which variability in rate
of species decline as well as imperfect detection are integrated,
permitting us to investigate how species persistence and diver-
sity measures (Hill numbers) are theoretically affected under
contrasting scenarios of decline rates along the common-to-
rare species abundance axis. Such a framework is also crucial
for properly interpreting empirical data of declining catches
over time.

Next, we here examine the relationship between total insect
biomass and diversity in an insect family: the hoverflies
(Syrphidae). Hoverflies are considered important wild pollina-
tors (28–30), important agents in biocontrol (31–33), suitable as
bioindicators (34, 35), and hence a potentially informative group
of insects, representative for a variety of ecological functions. All
hoverfly individuals caught in six trap locations in German nature
reserves in two seasons that were 25 y apart (1989 vs. 2014, two
endpoints of the trend in the Krefeld data as described in ref.
1, with identical trap locations in each season) were identified at
the species level, amounting to 19,604 individuals of 162 species
from 59 genera.

Significance

Various sources have reported insect decline in total biomass,
numbers, and species diversity. With German data on a
species-rich hoverfly community over 25 y and a theoretical
model, we show how these decline rates are interrelated. The
relationship between biomass and diversity losses depends
on whether common or rarer species are most affected.
Our analyses show stronger declines of common than rare
hoverfly species. Strong reductions (up to −80%) in total
abundance and biomass correspond with observed species
richness declines of −20% to −40% on a seasonal basis. On
a daily basis, however, hoverfly diversity declined in propor-
tion to biomass loss, with important consequences for the
functioning of ecosystems.
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We investigated how samples of total flying-insect biomass
reflect changes in diversity of hoverflies, which form only a small
subset (<5% share in total flying-insect biomass; SI Appendix)
in these samples of insect communities. We then compare these
empirical findings to the theoretical results on hoverfly species,
to establish how rates of decline are shared among common and
rare species. Finally, we compare the rate of decline in total
abundance and species richness of hoverflies at two temporal
scales: across the season and daily (quantified as a latent vari-
able in our analyses of the insect data based on variable trapping
duration).

Theoretical Results
We first explore how the total biomass of a community depends
on the abundance and richness of its constituent species.
Declines in total insect biomass implicate declines in total insect
abundance. However, total biomass declines may come about
as a result of species loss, abundance loss, decline of especially
the heavier species, or any combination of these mechanisms.
At the same time, observed loss of species depends on the rel-
ative abundance of the species in the community, as well as on
the variation in rate of decline among locally common and rare
species. Small populations tend to be more sensitive to demo-
graphic and environmental stochasticity and as a result more
prone to local extirpation (25, 26), even if their rates of decline
(up to extirpation) equal those of more common species.

Under the assumption of a Poisson distribution of species
abundance, and given the population “growth” rate of each
species (e.g., λi ; if λi < 1 a population is declining), the num-
ber of species that are expected to still be present at a given time
point (t) is given by

St =

S(t0)∑
i=1

e−Ni (t0)Ni(t0)
0

0!
=

S(t0)∑
i=1

1− e−λi×Ni (t0). [1]

Here we assume three different scenarios: (I) a uniform decline
rate among species, (II) common species declining more rapidly
than rare species, and (III) rare species declining more rapidly
than common species (Fig. 1A). Additionally, we acknowledge
that direct assessment of species loss is inhibited by imperfect
detection. For a given sampling efficiency p (i.e., the fraction of
locally present individual insects that are trapped), the expected
number of species detected is given by

S obs.=

S∑
i=1

1− (1− p)Ni [2]

which shows that besides sampling efficiency, observed richness
also relies on the abundance of each species (Ni ; i.e., the num-
ber of individuals available to be trapped from species i). In SI
Appendix, we provide further details on the steps undertaken to
derive species decline rates for each of the scenarios.

In all three scenarios, rare species have lower persistence rates
than common species (Fig. 1B). Observed persistence appears
even less when assuming imperfect detection (here arbitrarily
at 40%; Fig. 1B). The species rank-abundance distributions are
affected as well (Fig. 1C), but this is particularly evident for
high-ranking (i.e., less common) species. For a given total abun-
dance loss, the strongest declines in the number of species are
to be expected under scenario III. In all scenarios, observed
species losses are greater when detection is imperfect compared
to when all available insects are trapped (Fig. 1D). However,
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Fig. 1. Theoretical exploration of the meaning of 80% total abundance loss for the persistence, abundance, and loss of the species that make up a
community. (A) Three different scenarios of how the rate of decline is distributed across the gradient of common to rare species, while maintaining an
overall loss of 80% (I, equal decline rates between species; II, higher decline rates for abundant species; and III, higher decline rates for rare species). (B)
Persistence probabilities for each scenario assuming perfect (p = 100%; solid lines) and imperfect (p = 40%; dashed lines) sampling efficiency. (C) Rank
abundance curves for the initial population (thick black line) and for each of the scenarios of decline. (D) Fraction of species lost in each scenario under
perfect (p = 100%) and imperfect (p = 40%) sampling efficiency.
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this does not affect the slope of the relationship between persis-
tence rates and initial abundance and does not alter qualitatively
the difference in persistence rates among the three scenarios.
Furthermore, higher-order diversity measures (i.e., Hill num-
bers of order 1 and higher) (27, 36) respond differently to
scenario II (higher decline rates of previously abundant species)
than species richness (i.e., consistent with the Hill number of
order 0): The higher-order Hill numbers increase over time
under scenario II due to the increasing evenness among species,
even though all species decline in abundance (SI Appendix,
Fig. S1).

Empirical Results
The total flying-insect biomass, number of hoverflies, and num-
ber of species of hoverflies were severely reduced in 2014
compared to 1989, despite the approximately 41% longer trap
exposure time in 2014 (Table 1 and SI Appendix). Account-
ing for trap-exposure time only, 82% less insect biomass was
trapped in 2014 than in 1989, as well as 89% fewer hoverfly
individuals (Table 1). The overall species richness of hoverflies,
as well as their accumulation pattern with increasing exposure
time, indicated a lower richness in 2014 than in 1989 (Fig. 2A).
Chao’s estimates of richness based on the accumulated species-
abundance lists suggest 161.4 (SE = 10.9) hoverfly species were
present in 1989 against 125.0 (SE = 11.2) in 2014, essentially
a 23% decline in richness between the 2 y over a 25-y period.
Similar losses in richness have been reported recently for var-
ious insect orders (2, 12), depending obviously on the spatial
and temporal scales of inference. Furthermore, higher-order
diversity measures (i.e., Hill numbers of orders 0 to 3, respec-
tively species richness, Shannon diversity, Simpson diversity; and
unnamed higher-order diversity measure in SI Appendix, Fig. S2)
all declined, with increasing magnitude of decline with increasing
order of Hill number (27, 36).

Even though hoverflies make up less than 5% of total
insect biomass in the samples, we found that the total hover-
fly abundance was significantly correlated with total flying-insect
biomass, with abundance increasing linearly with larger biomass
samples (on log-log scale; Fig. 3A). The relationship of the
number of individuals to the total insect biomass changed from
1989 to 2014 in both intercept and slope (model with and
without interaction; likelihood-ratio test, F = 6.5, P = 0.012,
d.f. = 87, R2 = 75.05%; Fig. 3A), showing that somewhat fewer
hoverflies were trapped per gram of total insect biomass in
2014 than in 1989. We did not observe any significant differ-
ence in the distribution of log-body size of the trapped species
between the 2 y (SI Appendix, Fig. S3), suggesting that it is
unlikely that declines in biomass are a result of lighter species
replacing heavier ones, at least within the group of hoverflies.
Hoverfly species richness was nonlinearly related to biomass
(Fig. 3B), with slightly diminishing increases in richness at
larger biomass samples as a consequence of the nonlinearity

of the species accumulation curve against cumulative exposure
time (Fig. 2A).

We developed a statistical model to increase the temporal res-
olution of our analyses and to incorporate sampling aspects (i.e.,
exposure length and spatial differences; Materials and Methods)
and interpolated daily weather conditions (SI Appendix, Fig. S4).
Using this model, we estimated a mean loss of 82.7% (CI: 82.0 to
83.5) in daily total hoverfly abundance log(λabundance) = −1.756,
SD = 0.028; SI Appendix, Fig. S5A and Table S1) and a decline
of 81.2% (CI: 79.6 to 82.6) in hoverfly species richness per trap-
ping day (log(λrichness) = −1.671, SD = 0.040 (SI Appendix, Fig.
S5B and Table S2). Weather and trap effects were significant (SI
Appendix, Tables S1 and S2), but did not affect the annual rate
of decline in either response variable. These estimates indicate
that at the daily level, declines in total insect biomass are paral-
leled by isometric declines in abundance and species richness.
However, the strength of the correlation between total flying-
insect biomass and species richness depends on the temporal
scale of inference, with species richness declining much more
on a daily basis (−82%) than total richness decline obtained
from the seasonally accumulated samples (−23%). These results
bear consequence for ecosystem functionality, for which arguably
the daily activity and presence of hoverfly species are most
relevant.

For the 141 hoverfly species caught in 1989, the probability of
being caught again in 2014 increased linearly with log abundance
in 1989 (Fig. 4A). The probability of presence in the 2014 trap
data (given presence in 1989) was lower than expected under a
null model with a uniform decline rate across species (i.e., sce-
nario I in Fig. 1A), especially for the species that were relatively
abundant in 1989. The observed extirpation rates are thus more
consistent with a scenario in which common species have higher
per capita decline rates than rare species (scenario II in Fig. 1A).
Note the similarity of the lines of Fig. 4A with theoretical results
in Fig. 1B: high decline rates of common species under imperfect
detection (as not all flying insects will be trapped; orange dashed
line) compared to the equal decline rate scenario and perfect
detection (blue solid line).

Among species trapped in both years (n = 81), species abun-
dances in 2014 appeared to have, on average, declined relatively
less for rare than for common species, with a slope estimate of
bn = 0.861 (SE) against log abundance in 1989 (Eq. 15 and
Fig. 4B). Comparison with a model of equal decline rates
between species (scenario I) also suggests that persistent rare
species experience lower abundance decline rates (i.e., black line
versus theoretical blue line in Fig. 4B), even though changes
in abundance between the years differed considerably between
species. Of the 24 most common species in 1989 (N > 200
per 1,000 trap-sampling days), 3 were extirpated in 2014, while
almost all remaining species were severely reduced in numbers
(Table 2). In the group of rare species (between one and four
individuals per 1,000 trap-sampling days), only 2 increased in

Table 1. Summary of hoverfly data

Trap no. No. samples Exposure time No. species No. individuals Biomass

1989 2014 1989 2014 1989 2014 1989 2014 1989 2014
1 20 13 140 216 96 52 2,084 394 949 416
2 20 12 140 182 86 28 3,222 122 1,508 223
3 21 13 146 216 73 56 2,005 516 898 240
4 21 13 146 216 95 66 4,091 417 1,429 423
5 21 12 146 184 75 45 3,504 953 1,020 178
6 20 10 140 200 91 38 2,060 236 1,453 257∑

123 73 864 1,220 141 102 16,966 2,638 7,257 1,737

For each trap and year the number of samples, the total exposure time (in days), the total number of hoverfly
species and individuals, and the biomass of all flying insects are given.
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Fig. 2. Comparison of species richness and species relative abundance
between 1989 (blue) and 2014 (red) based on six malaise traps in each year.
(A) Species accumulation curves along with 95% intervals based on 100
random permutations of original data (data pooled within year), against
cumulative exposure time (number of trap-sampling days). Points depict
Chao’s estimates of richness in each year along with 95% confidence inter-
vals. (B) Rank abundance curves where solid lines depict data and dashed
lines the fitted Zipf–Mandelbrot estimates.

abundance class, and 34 species (67%) of this group were not
seen in 2014. However, 18 of the 21 new species in 2014 were in
this rare species group (N ≤ 4; Table 2). Of the remaining group
of species of intermediate abundance (66 species in 1989) a con-
siderable number (n = 23) were no longer observed in 2014 and
those that did reappear were considerably reduced in numbers.

Discussion
Biomass declines of total flying insects predict diversity declines
in hoverflies, with numerical declines appearing across the full
range of species. The highly time-demanding and logistically
demanding effort required for taxonomic identification in insect
communities forms a challenge in insect biodiversity studies such
as the present one. Although nearly 20,000 specimens were iden-
tified to species level, only 2 y of data are available and utilized
in the present study. Ecological processes that may affect our
conclusions based on those 2 y, such as for example boom-
and-burst dynamics of species with longer development cycles
(observed for example in several beetle and cricket species)
or mass-migration influx during autumn, are, however, not evi-
dent in our data and as such we do not expect such processes
to have affected our results and conclusions. Our data, being
representative for regional biomass distribution (SI Appendix,
Fig. S6) and fitting in the 27-y trend of biomass decline across
63 different sites in Germany (1), suggest that our study sites
are not exceptional and that these patterns are likely to be
widespread.

Species persistence probabilities appeared lower than
expected for species of intermediate abundance, where the
expectation is drawn assuming a uniform rate of decline among
species. Contrarily, for rare species, persistence probabilities
are higher than expected under this same model, although
maintaining lower persistence probabilities than more common
species. Variation in species persistence probabilities thus
appears to be most consistent with our hypothetical scenario
II, in which the declining rates of common species are stronger
than those of rare ones, while still resulting in an overall 80%
drop in abundance and assuming imperfect sampling. Condi-
tional on persistence, variation in the rate of decline between
common and rare species (Fig. 4B) corroborates this result.
The disproportionately high extirpation rate of intermediately
common species in the empirical data did not match any of the
model scenarios, which included only monotonically increasing

or decreasing decline rates along the abundance axis. This
difference likely caused the mismatch in the higher-order Hill
number responses between empirical data and hypothetical
scenarios (compare SI Appendix, Fig. S1, scenario II vs. SI
Appendix, Fig S2).

We conclude that large insect biomass reductions are thus
disproportionately affected by the numerical declines of com-
mon species and by the extirpation of intermediately common
species. The relative abundances of the hoverfly species in the
malaise traps, even though only 2 y were analyzed, match the
distribution and abundance of the species at the national scale
(37) (SI Appendix, Fig. S7). As such, these results challenge
our current understanding of population extinction processes,
where stochastic variation pushes populations with the low-
est numbers to disappear first (25, 26). While the mechanisms
require additional research, it might be that previously com-
mon species are more heavily affected by reduced population
sizes than expected because they are less adapted to deal with
potential Allee effects (38) than already rare species or may be
more dependent on intact metapopulations compared to nat-
urally rare species (39, 40). Accordingly, the decline in most
common species, and decline and disappearance of the inter-
mediate species, contributed most to the drop in higher-order
diversity indexes, as these indexes rely less on the response of
rare species to community change (27). As such, the observed
declines in rare, intermediate, and most common species dif-
ferentially determined the responses in total abundance, species
richness, and diversity.

In several recent studies, attempts have been made to con-
vert numerical species and abundance loss into biomass loss
(16, 19–21). By scaling with species average weight they show
that abundance declines, species range contraction, or species
loss may or may not be paralleled by their respective biomass
loss (19–21). However, as these studies typically focus on the
biomass of single insect taxonomic groups, they cannot reveal
the true correspondence in declines between total insect biomass
and species diversity. While abundance and biomass are pro-
portional under spatial and temporal scaling, species richness
is not (Fig. 3). Hence, sampling differences (and efficiency)
between the various studies, e.g., whether or not monitoring
occurs throughout the growing season, are likely to distort pro-
portionality between declines in persistence and abundance and
hence correspondence between biomass and diversity loss. In this
study we demonstrate that under large biomass drops, species
richness and diversity are inevitably reduced, particularly so
when inferring at a small temporal scale (SI Appendix, Figs. S2
and S5).

A B

Fig. 3. (A and B) Relationships between total biomass of flying insects
(grams per sample) and (A) number of hoverfly individuals and (B) number
of hoverfly species. Blue and orange points depict trap sample data of 1989
and 2014, respectively, while blue and red lines depict year-specific fitted
relationships.

4 of 8 | PNAS
https://doi.org/10.1073/pnas.2002554117

Hallmann et al.
Insect biomass decline scaled to species diversity: General patterns derived from a hoverfly community

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002554117/-/DCSupplemental


SP
EC

IA
L

FE
A

TU
RE

EC
O

LO
G

Y

A B

Fig. 4. (A) Probability of species persistence in the malaise trap data versus log abundance (n = 141). Red points depict average probabilities over 10
equidistant classes of abundance (for depiction purposes only), while the solid black line represents the fitted probabilities from a logistic regression (Eq. 13)
along with 1 SE (dashed black lines). The blue line depicts the expected persistence probabilities calculated under a null model with uniform rate of decline
across species (i.e., scenario I in Fig. 1), while the dashed light blue line represents expectations for observed persistence based on an arbitrarily chosen 40%
sampling efficiency. (B) Population sizes in 2014 versus 1989. The solid black line depicts expected abundance (i.e., for species that are present in both years
and for which a trend can be derived) along with 95% confidence levels (dashed black lines) in 2014 given abundance in 1989 as calculated from data (Eq.
17), while the solid blue line depicts the expected abundance in 2014 assuming a uniform rate of decline across species (i.e., scenario I in Fig. 1A).

As hoverflies are a relatively rich and diverse taxon (in terms
of habitat requirements and functional groups), the observed
declines across the species (mainly losers, essentially no winners)
suggest that a common factor is responsible for the declines in
hoverflies and possibly for other insect orders. While the vari-
ety of ecological functions is proportional to species richness
(41–44), resource flows are mostly governed by the abundance
of species (45–47), and hence we expect ecological function-
ality to be diminished in analogous proportions to abundance
loss. Furthermore, the severe drop in both daily richness and
daily abundance during the growing season suggests that both
the diversity and quantity of the ecological functions that hov-
erflies perform (such as pollination and predation) will be
jeopardized.

We conclude that an 80% insect biomass decline implies a
disruption of the entire insect community, which constitutes a
major part of the second trophic level in many ecosystems. Our
results, with species of intermediate abundance (both locally
and regionally; SI Appendix, Fig. S7) disproportionately in peril
(Fig. 4A) and the most common species severely reduced in num-
bers (Figs. 2B and 4B), challenge current conservation efforts.
Under the “umbrella species” paradigm, rare and specialized
species and their habitats are prioritized in conservation strate-

gies, from the notion that by doing this it will provide a safe
haven for the more common and generalist species as well (40).
To revert current trends in insect decline, this may be insuf-
ficient if current pressures on rare species are different from
those on more common species. A holistic approach is required
(48, 49) involving connecting and enlarging of nature reserves,
together restoring basic ecological conditions, also for common
species.

Materials and Methods
Data. We utilize data obtained from six malaise traps in the Wahnbachtal
(North Rhine-Westphalia, Germany, 50◦51′7′′N, 7◦19′15′′E) that were
deployed in 1989 and again in 2014, at the exact same locations. Traps were
situated in wet meadows as well as tall perennial meadows, in close prox-
imity to shrub corridors, to forest–grassland borders, and to the Wahnbach
River and surrounded by agricultural land, essentially a rather heteroge-
neous habitat. The Wahnbach River and the greater part of the valley
are protected for watershed purposes and are subject to nature conser-
vation management by the Wahnbach Talperrenverband. Hence, several
restrictions apply to safeguard against water contamination.

Total insect biomass collected with these traps was already included
in ref. 1, but here we focus on additional information: the abundance
and richness of hoverflies (Syrphidae) in each of the collected samples.
Methodologies of collection are described in refs. 1 and 50–53. In brief,

Table 2. Distribution of number of species per abundance-class category in 2014 and 1989

1989

Common > Intermediate 5 to Rare 1 Not Total
200 (%) 200 (%) to 4 (%) trapped (%) trapped

2014
Common 3 (12.5) 0 0 0 3
Intermediate 16 (66.7) 19 (28.8) 2 (3.9) 3 (14.3) 37
Rare 2 (8.3) 24 (36.4) 15 (29.4) 18 (85.7) 41
Not trapped 3 (12.5) 23 (34.8) 34 (66.7) 0
Total trapped 24 66 51

Abundance classes are defined as rare, 1 to 4 individuals per 1,000 trapping days; intermediate, 5 to 200
individuals per 1,000 trapping days; and common, >200 individuals per 1,000 trapping days. Percentages in
parentheses quantify the distribution of species column-wise.
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malaise traps were deployed throughout the growing season and oper-
ated continuously (day and night). Malaise trap construction (e.g., size,
material, coloring, and ground sealing) and placing (e.g., positioning, ori-
entation, and slope of the locations) were standardized in all aspects.
Insect samples were preserved in 80% ethanol solution. Catches of the six
traps investigated in the present study were emptied regularly: On aver-
age exposure intervals were 7.0 d (SD = 0.5) in 1989 and 16.7 d (SD =
5.6) in 2014. Across the six traps in 2014 the total exposure time (in num-
ber of days) was 42% higher compared to 1989. All collected samples
(n = 196) were used in the present analysis with in total 19,604 indi-
vidual hoverflies counted, distributed over 162 species and 59 genera. In
Table 1 we further provide summary statistics relevant for sample size
descriptions.

To assess how environmental conditions have changed over the 25 y, sev-
eral additional datasets were assembled. Aerial photographs allowed us to
investigate broad changes in the landscape surrounding the trap locations.
Virtually no landscape changes were observed in this area, and hence we did
not include landscape variables in our analysis. Furthermore, climatic data
were obtained from 169 climatic stations and were used to interpolate daily
weather variables to each trap location, using spatiotemporal kriging. These
steps are described in ref. 1. Seasonal profiles of temperature, precipitation,
and wind speed are given in SI Appendix, Fig. S3. Raw data and R code of
the analysis are available in Zenodo (54).

Analysis Overview. Our analysis consists of three components. First, we
considered total abundance, species richness, and species diversity, at two
temporal scales: pooled per year, i.e., across the sampling season, and sea-
sonally (i.e., per day), and we compared these metrics between 1989 and
2014. Second, we examined how total flying biomass (i.e., the weight of all
trapped insects, of which hoverflies are only a small proportion) related to
total abundance as well as species richness of hoverflies. Third, we derived
persistence probabilities and population growth rate trends per species, to
examine interspecific variation in these parameters.

Pooled Species Richness and Diversity. We pooled data across traps in each
year and compared species richness and diversity between the two sampling
years. Because of unequal sampling length between the 2 y (Table 1), we
calculated the change in species richness between 1989 and 2014 using two
methods. First, we used the Chao (55, 56) estimator for species richness, as
it has been found to perform best among competing estimators (57),

Ŝchao = S + f̂0 = S +
n− 1

n
f1

f1× 0.5

f2
, [3]

where S is the observed richness, n the samples size, and fk the number
of species with exactly k detections, i.e., f1 the number of singletons, f2

the number of doubletons, and f0 the (unobserved) number of species not
detected. Second, changes in species richness between the two sampling
years were also assessed by species accumulation curves against exposure
time.

To better visualize how dominance and diversity changed between
the 2 y, we fitted rank-abundance curves (58) to the hoverfly data. We
initially considered five common distributions (broken stick, preemption,
log-normal, Zipf, and Zipf–Mandelbrot) (59, 60) but for both datasets
the Zipf–Mandelbrot distributions had a superior fit. We therefore report
only results on the fitting of this rank distribution. The Zipf–Mandelbrot
rank-abundance distribution is given by

n̂r = N×
eβ0 * log(r+β1)∑
(eβ0 * log(r+β1))

, [4]

where β0 and β1 parameters shape the decline in abundance with increasing
species rank.

Finally, we compared the Hill numbers (27) of orders q = 0 to 3 for the
pooled data across the 2 y. Hill numbers conveniently express diversity with
varying emphasis along the common to rare species axis, with higher-order
estimates putting more weight on the common species compared to rare
ones. Hill numbers are given by

H(q) =
∑

(pq
i )

1
1−q , [5]

where pi is the relative proportion of the ith species in the sample, and the
summation is taken over all species in the data. For q = 0, H(1) equals the
species richness; for q = 1 it corresponds to the exponent of the Shannon
diversity index; for q = 2, H(2) corresponds to the inverse Simpson index;

while for higher-order values of q, diversity measures emphasize common
species more over rare species (27).

Daily Activity Abundance, Species Richness, and Diversity. We considered the
total abundance (number of hoverfly individuals) and number of species at
a finer temporal scale, in addition to the analysis integrating data across
the sampling years. At this finer temporal scale of analysis, sampling and
environmental effects are likely to be more pronounced than in the pooled
analysis. For example, abundance is measured through the number of indi-
viduals trapped, which in turn depends on both trap (and sample) exposure
length (longer intervals trap more insects) and the environmental conditions
(e.g., weather) affecting the activity of species during the exposure period
of a sample. Furthermore, contrary to abundance, species richness does
not act additively with respect to exposure period length; i.e., we do not
expect a monotonic increase in richness with sampling interval length, but
rather a nonlinear increase approaching an asymptote akin to species–area
relationships.

To allow comparison of abundance and species richness between the
2 y, we developed a model that accounts for environmental and sampling
processes, by modeling the daily values of the response variable using a
latent variable approach (1) and where sample expectations are aggregated
over daily expectations of the corresponding exposure interval. Parameter
estimates were obtained by fitting three parallel Markov chain Monte Carlo
(MCMC) chains using the Just Another Gibbs Sampler (JAGS) (61) and R (62)
using 12,000 iterations, a burn-in period of 2,000 samples and a thinning
interval of 10 samples to account for serial chain autocorrelation. Inference
was thus based on 3,000 posterior samples for each parameter.
Total daily abundance. Let Nj be the total number of individuals observed
in each sample j, collected between day τ1,j and τ2,j , and let Yj be its
expectation under a Poisson process:

Nj ∼ Poisson(Yj). [6]

In turn, the expectation per sample is the sum of the (unobserved) daily
expectations over the corresponding exposure interval

Yj =

τ2∑
t=τ1

yj,t , [7]

where yj,t is the latent number of individuals on a given day t in sam-
ple j, which in turn is modeled as a function of a number of covariates
(Parameterization).
Observed and expected daily species richness. Let qj,t = yj,t/Yj be the pro-
portion of the total abundance on day t of the exposure interval of sample
j. Also let Ni,j be the observed abundance of species i in sample j. Under the
assumption that qj,t is invariant with respect to species, the expected abun-
dance of each species in each day is given as the latent multinomial sample
ni,j,t ∼Multinomial(qj,t , Ni,j).

The number of species expected to have been trapped on day t is then
simply

St,j =
K∑

i=1

Xi,j,t , [8]

where Xi,j,t = 1 if ni,j,t > 0 and 0 otherwise. Next, to account for imperfect
detection (not all species present on a particular day are likely to have been
trapped), we relied on Chao’s estimator to derive the number of species
expected to be present: ŝt,j . To this end, we tracked doubletons (f2) and
singletons (f1) for each exposure day in the MCMC samples and computed
the expected richness using Eq. 3.
Parameterization. The daily expectations of total number of hoverfly indi-
viduals were modeled as a function of year, a seasonal component (day
number τ , where 0 = January 1), weather effects (temperature, wind speed,
and precipitation), and an effect for each trap (five contrasts),

log(yi,τ ) =αN + βN,year ×X + fN(τ ) + fN(climate) + βN,trap, [9]

where f(τ ) = β(1)
τ × τ + β(2)

τ × τ
2 and f(climate) =

∑3
i=1(βi

clim× Ci), with Ci

representing each weather variable i. Prior to analysis, weather and seasonal
covariates were scaled to unit variance and zero mean.

Using the posterior estimates of expected daily richness (St,j), we also
derived the rate of decline in richness between the 2 y, while at the same
time accounting for weather and sampling effects. To accomplish this, we
used expected richness estimates ŝt,j as the response in a regression with
Poisson error structure (allowing for overdispersion) and a log link:
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log(̂st,trap) =αs + βs,year ×X + fs(τ ) + fs(climate) + βs,trap. [10]

This was performed for each of the MCMC iterations, and results were
summarized over the posterior distributions of the coefficients.

Representativeness of the Sampled Years. We compared within-year pro-
files of total flying-insect biomass between Wahnbachtal and all other sites
analyzed in ref. 1 in the periods 1989 to 1992 and 2013 to 2015 (n = 15
and 29, respectively), which allowed us to infer how representative the six
malaise traps included in this study are for the regional biomass distribution
and trend (SI Appendix, Fig. S6). The years (1989 and 2014) in which the
Wahnbachtal was sampled are at the beginning and toward the end of the
study period analyzed in ref. 1, allowing easy comparison with the overall
biomass declines reported in that study.

Abundance–Biomass Relationship. To infer how total flying-insect biomass
related to the abundance of hoverflies, we regressed the log of the number
of individuals per sample against the log of the biomass per sample. We used
simple linear regression with Gaussian error and with separate slope and
intercept for each year and examined whether simpler models (for example
a common slope across years) were more parsimonious:

Nj =ψ+φBj , [11]

where ψ and φ are the intercept and slope coefficients relating abundance
to biomass (Bj).

We did not expect a linear relationship between biomass and hoverfly
richness, but rather a curvilinear one, with the increase in species richness
diminishing at large biomass quantities. To relate the number of species to
total flying-insect biomass of a given sample, we used rarefaction theory
(63). The number of species expected to be trapped in sample j depends on
the number of individuals trapped (Nj) total richness (S), and relative abun-
dance of each species (Ni). Additionally, it depends on the seasonal activity
of each species, as not all species may be available to be trapped during each
exposure period of each sample. The expected number of species in sample
j given total sample abundance Nj is given by

ŝj(Nj , S) = c×
S∑
i

1−

(N−Ni
Nj

)
(N

Nj

)
, [12]

which essentially represents sampling without replacement. The summation
is taken over all species observed (S, here across locations and years) and
results in the rarefied richness from a total of N individuals (ever counted
across locations and years) to the total abundance Nj of sample j. Parame-
ter c represents the average species’ seasonal availability (SI Appendix). To
produce the relationship between richness and biomass (Fig. 3), we replaced
Nj in Eq. 12 with the mean expectation of abundance given biomass from
Eq. 11.

Persistence and Rates of Change by Species. We examined variation in the
persistence probabilities between species (i.e., the probability of a species
being present in 2014, given its presence in 1989) as well as rate of
change in abundance for all species present in both years (n = 81). Both
response variables were subsequently contrasted against our theoretical
results (Fig. 1).

To analyze persistence, we used generalized linear models (GLMs) with
species presence in 2014 as a response, assuming a binary error distribu-

tion and a logit link, and with log(abundance 1989) as an explanatory
variable:

log
(

p̂i

1− p̂i

)
= ap + bp× log (ni,1989). [13]

The fitted logistic regression (based on observations) was compared to the
expected persistence probability for each species under a uniform decline
rate (i.e., scenario I in Fig. 1). The expected probability of persistence was
derived using Eq. 1, where we defined the rate of decline in total abundance
of species present in 1989 as

λ=

∑K
1 ni,2014∑K
1 ni,1989

. [14]

For species present in both years we modeled the abundance per
species in 2014 by maximizing the likelihood of a zero-truncated Poisson
distribution, with a log-link relationship to log(abundance in 1989):

log(ni,2014) = an + bn× log (ni,1989). [15]

Here too, we compared this observed species abundance to the expected
abundance in 2014 under a uniform decline rate. Parameter bn measures the
effect of initial abundance on rate of species decline: Value bn = 1 reflects
scenario I, bn < 1 reflects scenario II, and bn > 1 reflects scenario III. Because
zero observations are excluded in this analysis, we used a zero-truncated
Poisson distribution to estimate an and bn:

P(x) =
Pois(x,µ)

1− Pois(0,µ)
, [16]

where mu is the expectation under a Poisson distribution. The expected
abundance of each species in 2014 is given as ni,2014 =λ× ni,1989. To inte-
grate that only nonzero-integer values are observed, i.e., ni(1989)> 0 and
ni(2014)> 0, the expected abundance given initial abundance in 1989 is
given as

λ× ni,1989

1− exp(−λ× ni,1989)
, [17]

which typically produces nonlinear curves, reflecting that only nonzero
observation can be observed for low initial abundances (Fig. 4B).

Data Availability. Dataset and R-code data have been deposited in
Zenodo (54).
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