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Elevational gradients are characterized by strong environmental changes within small geo-
graphical distances, providing important insights on the response of biological communi-
ties to climate change. Mountain biodiversity is particularly sensitive to climate change,
given the limited capacity to colonize new areas and the competition from upshifting
lowland species. Knowledge on the impact of climate change on mountain insect commu-
nities is patchy, but elevation is known to influence parasitic interactions which control
insect communities and functions within ecosystems. We analyzed a European dataset
of bristle flies, a parasitoid group which regulates insect herbivory in both managed and
natural ecosystems. Our dataset spans six decades and multiple elevational bands, and we
found marked elevational homogenization in the host specialization of bristle fly species
through time. The proportion of specialized parasitoids has increased by ca. 70% at low
elevations, from 17 to 29%, and has decreased by ca. 20% at high elevations, from 48 to
37%. As a result, the strong elevational gradient in bristle fly specialization observed in the
1960s has become much flatter over time. As climate warming is predicted to accelerate,
the disappearance of specialized parasitoids from high elevations might become even
faster. This parasitoid homogenization can reshape the ecological function of mountain
insect communities, increasing the risk of herbivory outbreak at high elevations. Our
results add to the mounting evidence that symbiotic species might be especially at risk
from climate change: Monitoring the effects of these changes is urgently needed to define
effective conservation strategies for mountain biodiversity.
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Mountains face a dual reality when it comes to climate change: They can act as climatic
refugia, with lower climate velocity than lowlands (1), but they can also be climatic traps
for mountain-top species with limited ability to migrate to new areas, much like islands
(2). Species living at higher elevations often have specialized ecological niches which
make them particularly sensitive to rapid environmental change (3); they also suffer
competition from lowland generalist species that show upward shift following climatic
alteration. For example, in an analysis of small mammal communities in the Yosemite
National Park (USA), Moritz and colleagues found that r-strategist lowland species (i.e.,
short-lived and highly fecund) were more likely to expand their range upward compared
to their long-lived, less fecund, counterparts (4). These upward range shifts of lowland
species were associated with range contractions and decline of specialized high-elevation
species. Evidence of changes in the composition of mountain insect communities (3, 5, 6)
is less well documented compared to vertebrates (4, 7-9), reflecting a widespread bias in
conservation literature (10-12). However, recent work suggests that global insect decline
might be as serious, if not more severe, than that of vertebrate species (13), including in
mountain areas (3).

Maunsell and colleagues (14) found that elevation strongly influenced both the
strength and existence of parasitic interactions among insects, with a key role of climate
change in altering them. As elevation increases, the period during which hosts are
active becomes shorter, generating a turnover in host availability and potentially leading
to parasitic specialization. Likewise, Morris and colleagues found higher level of spe-
cialization at higher elevation in a subtropical host—parasitoid network (15). This was
driven by climate and environmental factors but was also related to the reduced number
of host species available at higher elevation (i.e., reduced host diversity driving spe-
cialization). These results add to the mounting evidence that symbiotic species might
be especially sensitive to climate change (16, 17). Predator and parasitoid insects—those
that have parasitic larvae and free-living adults—are crucial in regulating population
dynamics of their prey/hosts in both natural and managed environments, but climate
change can alter these dynamics (18). Parasitoid insects, such as bristle flies (Diptera:
Tachinidae) and several wasps (Hymenoptera), play an especially important role in
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mountain ecosystems (19, 20), controlling the density of phy-
tophagous insects and their impact on natural vegetation.
Moreover, adult bristle flies feed on nectar, like other parasitoid
dipterans, and play an important pollination role. This role is
especially key in temperate mountain ecosystems, where flies
can functionally replace bees as ecosystem pollinators (21). Yet,
parasitoids are often the first ecosystem component to respond
to global environmental changes (22, 23).

Climate change can affect parasitoids directly, i.e., by alteration of
their phenology and distribution, and indirectly by influencing the
phenology and distribution of their hosts (24). Any shifts in the
phenology or distribution of host species, in response to climate var-
iation, may result in a temporal/spatial lag that reduces the ability of
parasitoids to control host populations. This effect can be further
exacerbated in specialized parasitoids, where the fragmentation of
potential hosts distribution can hamper their range expansion (24).
The ecological impact triggered by the loss of a parasitoid species
depends on the degree of ecological redundancy of the species within
the ecosystem. Often, the role of specialized parasitoids is unlikely to
be fully replaced by other species in the short term, as specialized
parasitoids are much more effective at exploiting their target host
compared to generic ones. This might be the case for bristle flies that
evolved specialized host-location capacity to attack caterpillars with
specific plant preferences, as well as bristle flies that evolved specific
physiological resistance to toxins produced by aposematic caterpillars
(25). The loss of such specialized parasitoids might generate functional
disruptions that lead to host outbreaks. This is a symptom of func-
tional homogenization, where specialist species are replaced by gen-
eralist ones due to global change (26), with a consequent loss of
certain ecosystem functions. But is this especially the case in mountain
areas?

Here, we analyze an exceptional dataset of parasitoid bristle flies
consisting of species occurrence from several parts of Europe, span-
ning six decades (since 1960) and multiple elevational bands (sea
level to mountain top at 2,900 m asl). Bristle fly species can feed on
avariety of hosts—caterpillars, beetles, bugs, etc.—and show varying
degrees of host specialization: from hyperspecialists that feed on a
single host species to complete generalists that can use hosts from
many different families (20). We investigated the temporal trend in
the probability of sampling bristle flies with a specialized diet (i.e.,
“oligophagous” species) across multiple elevations to estimate
whether the elevational gradient in parasitoid specialization has
changed over time as a symptom of functional homogenization.
Specialized niches are typically favored in stable environments while
heterogeneous conditions generated by environmental change often

favor the persistence (or arrival) of generalists. Additionally, while
short-term environmental variation generally favors species coex-
istence, long-term variation—such as that driven by climate
change—promotes competitive exclusion (27). Here, we hypothe-
sized that the elevational gradient in specialized parasitoids has
reduced over time, as high-elevation specialists are highly sensitive
to climate change (especially global warming) and suffer competi-
tion from lowland generalists (i.e., “polyphagous” species) which
can move upward under climate change.

Results

While sampling effort in our data was not homogeneous through
space and time, multiple elevational bands and multiple areas were
sampled in each decade (ST Appendix, Figs. S1 and S2). We run a
generalized additive model (GAM), with binomial family, account-
ing for spatial autocorrelation, the phylogenetic position of species,
and several potential sources of sampling bias (Materials and Methods
and SI Appendix, Appendix S1). The model predicted the probability
of sampling specialist species and showed significant influence of
both year and elevation of sampling (SI Appendix, Table S1). We
found marked differences in the temporal trend of specialized feeders
across elevational bands (Fig. 1). At low elevation, with 250 m asl
as a reference, the proportion of specialized feeders’ occurrences
showed an increase through time, from 17.4% in 1960 (se = 3.0%)
t029.2% in 2019 (se = 6.2%)), i.e., a ca. 70% relative increase over
the course of six decades. At higher elevation instead, we found
increasingly steep decline in the proportion of specialized feeders
occurrences. At high elevation, with 1,750 m asl as a reference, the
proportion of specialized species has dropped from 47.7% (se =
8.8%) to 37.2% (se = 8.6%), i.e., a ca. 20% relative decrease.
While the proportion of specialized feeders followed a strong
elevational gradient in the 1960s, i.e., higher proportions at higher
elevation, the trend became much flatter in 2019 (Fig. 2). During
the same period, locations in our study region faced a steady increase
in temperature, with an average global warming of 0.034 °Cly
(se = 0.0005 °Cly; SI Appendix, Fig. S3). This result supports our
hypothesis of a progressive, climate-driven, homogenization of par-
asitoid diets across elevational bands. To test whether temporal bias
in sampling effort affected our results, we also repeated our analysis
on a high-quality subset of our dataset (covering the locations with
the best sampling effort over time). Our test confirmed the trends
reported in the original model (87 Appendix, Figs. S4 and S5). We
further tested whether a few common species were driving our
results, excluding species with exceptional representation in our
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Fig. 1. Predicted temporal trend in the proportion of specialized bristle flies (i.e., oligophagous species) sampled at different representative elevational bands.
Each plot represents a 60-y trend in the probability of sampling specialized species at a different elevation (A-D, as indicated on top of the plots). Values on the

X axis (i.e., years between 1960 and 2019) have been rescaled for analysis.
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Fig. 2. Predicted elevational trend in the proportion of specialized bristle flies (i.e., oligophagous species) through time. Each plot represents a >2,000 m
elevational trend in the probability of sampling specialized species in a given year (A-D, as indicated on top of the plots). Values on the x axis (i.e., meters asl)

have been rescaled for analysis.

dataset; once again, the test confirmed the trends reported in the
original model (S7 Appendix, Figs. S6 and S7).

The homogenization pattern we found depended on multiple
co-occurring dynamics (Fig. 3), which we investigated by look-
ing at single-species trends. We estimated elevational trends for
each species as the linear relationship between elevation vs. year
of sampling; the slopes of these relationships represent the aver-
age elevational shift for each species in terms of meters/year
(ST Appendix, Fig. S8). At low elevations, generalist species were
twice as fast (median + se: 5.2 + 0.98 m/y) in their elevational
upshift compared to specialist species (2.4 + 1 m/y). One such
example is Pales pavida, a frequently sampled generalist feeder
able to parasitize over 20 different lepidopteran families
(Fig. 3A4); this species was found only below 1,000 m asl until
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the mid-1970s but has become common at almost every eleva-
tional band since year 2000. At high elevations instead, both
groups showed rapid, and similar, elevational upshift through
time (generalists: 7.7 + 1.27 m/y; specialists: 7.9 + 1.15 m/y).
However, while highland generalist species were typically able
to maintain wide elevational range through time, many high-
land specialists—such as Nowickia atripalpis (Fig. 3D), which
feeds on a single family of lappet moths (Lasiocampidae)— have
shrunk their elevational range toward higher elevation. These
values of elevational shift are broadly in line with the average
warming of 0.034 °C/y observed across our sampling locations,
equivalent to a 3.4 m/y elevational shift in climatic conditions
(if assuming a change in temperature of ca. 1 °C for every 100 m
of elevation).
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Fig.3. Temporal trend in the sampling elevation of four commonly sampled bristle fly species. (A) Pales pavida, a low-elevation generalist feeder (polyphagous)
which showed rapid elevational shift through time (Photo credits: Piluca Alvarez Fidalgo); (B) Onychogonia flaviceps, a high-elevation generalist feeder which
showed a stable elevational range (Photo credits: Cor Zonneveld); (C) Carcelia falenaria, a low-elevation specialized feeder (oligophagous) which showed slow
elevational shift (Photo credits: Pierfilippo Cerretti); (D) Nowickia atripalpis, a high-elevation specialized feeder which showed elevational contraction toward
high elevations (Photo credits: Francisco Rodriguez Luque). Points represent actual sampled occurrences, while lines represent linear trends. S/ Appendix, Fig. S8
shows the slope of the temporal trend for all species with sufficient sampling coverage. Mountain silhouette from Vecteezy.com.
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Discussion

Climate change is altering the composition of biological commu-
nities worldwide, and its impact on insects is now widespread,
including alteration of their phenology (28), diversity (29), bio-
mass (30), and migration (31). This impact might be dispropor-
tionately affecting certain groups of insects, such as parasitoids,
which are in turn dependent on the distribution, abundance, and
phenology of their host species. For example, Corcos and col-
leagues (6) found that species richness and evenness of bristle flies
decreased with elevation, as mean temperature was positively asso-
ciated with both variables. This was probably due to high temper-
atures enhancing plant productivity, hence host availability, and
extending parasitoid foraging time. Here, we found a homogeni-
zation in the elevational gradient of parasitoids specialization as a
result of climate change.

Our results showed a reshuffling of host specialization in bristle
flies along elevational bands, with specialized species becoming
less common at high elevations. This pattern was driven by several
concurrent dynamics, the main one being the ability of lowland
generalist species to quickly colonize higher elevations. Many
generalist feeders have rapidly expanded their ranges to higher
elevations, suggesting that they are cither effectively tracking host
range shifts or efficiently exploiting new hosts in newly colonized
elevational belts. The majority of generalist species showed ele-
vational shifts over time, reflecting a pattern already observed in
groups such as burterflies (3) and small mammals (4). These spe-
cies may be more tolerant to changes in rainfall and temperature
with respect to their herbivore hosts and their feeding plants, but
their flexible reproductive and developmental strategies (25, 32)
could make them effective at exploiting new hosts as local insect
communities change. Lowland specialized feeders instead showed
slow upward shift in elevation over time, showing more limited
ability at colonizing new elevational belts compared to generalists.
While rapid upward shifts characterized both high-elevation spe-
cialists and generalists, the former have in some cases disappeared
from lower elevations thus making their elevational ranges nar-
rower (e.g., Nowickia atripalpis, showed in our example Fig. 3D).
These specialists are likely to follow changes in host distribution
and should be considered particularly vulnerable to climate
change.

Studies of ant communities showed that only a few species are
able to survive the harsh climatic conditions of high elevations
(5, 33). This pattern may, in principle, apply also to parasitoid
insects since lower temperatures at higher elevations may reduce the
temporal window during which individuals are active, thereby influ-
encing their efficiency in locating suitable hosts (14). However,
climate change can also affect the composition of parasitoid com-
munities indirectly, by altering the spatiotemporal distribution of
their hosts. For example, Stireman and colleagues (34) observed a
relationship between precipitation variability and parasitism and
attributed this relationship to the ability of parasitoid populations
to survive on caterpillar populations of varying density. They pos-
tulated that highly specialized parasitoids should be more sensitive
than generalists to variation in host emergence time or developmen-
tal rate, as they may miss narrow windows of vulnerability of their
particular hosts. In contrast, generalist parasitoids are more resilient
as they exploit a variety of hosts that might have different pheno-
logical response to climate change, making them less susceptible to
asynchronies associated with climatic change. We found a strong
elevational gradient in bristle fly diet specialization in the past and
a deterioration of such gradient in the present, with little elevational
difference in the proportion of specialized feeders between lowlands
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and mountain tops in present days. Our results are compatible with
both effects described above, and further research on host species
elevational trends is required to disentangle them.

Climate change is widely known to alter the distribution of
species by modifying the environmental conditions necessary to
their persistence (35, 36), and mountain taxa in particular are
undergoing rapid elevational shift to track climate-driven environ-
mental change (4, 37). These uphill movements however depend
on species ecology and dispersal capacity (38—40) and can be asso-
ciated to other adaptation strategies such as shifts in aspects, as
complex topography regulates local climatic conditions (41). We
found average uphill trends of 2.4 to 7.9 m/y for our study species,
depending on the group considered (specialist vs. generalists, low-
land vs. highland), which is broadly in line with the average warm-
ing observed across our sampling locations. Our results are thus
consistent with a general pattern of climate-induced uphill shift in
species distribution. Moreover, we found generalist lowland species
being substantially faster than specialist lowland species at moving
uphill, again confirming patterns already observed in other groups
(4). Our results demonstrate the multidimensional impact of cli-
mate change, which goes beyond species redistribution, affecting
species interactions and ecosystem functions.

While the probability of sampling specialized species at high
elevations has decreased over time, such trend seems to be mainly
due to a dilution effect, with generalist parasitoids becoming dom-
inant. This may result in higher competition and generate extinction
debts: the current diversity in high-elevation parasitoid species may
be higher than that expected at ecological equilibrium, if specialized
species will go extinct from increased competition. The dual ecology
of bristle flies (endoparasitic larvae, nectar-feeding adults) means
different species can develop on different host species, without enter-
ing direct competition, but then potentially face interspecific com-
petition for nectar as adults. The arrival of generalist bristle flies at
high elevations may subject local specialist species to higher com-
petitive pressures during their adult stages. This in turn might affect
the ability of specialist species larvae to control the population of
certain hosts (herbivore insects), which are either not attacked by
generalist species or less susceptible to them (25). The role of inter-
specific competition in altering species response to climate change
has been widely discussed (40) and might explain our results on
parasitoid homogenization.

In various host—parasitoid systems, bristle flies have been shown
to play an essential role in regulating their hosts’ populations,
limiting caterpillar outbreaks and thus mitigating defoliation
events. Rearing programmes of Lepidoptera and other phytopha-
gous insects conducted in temperate and tropical regions have
shown that bristle flies parasitism rates average 7 to 15% among
host taxa (with peaks above 50% for particular host species), often
exceeding parasitism rates for all parasitoid wasps combined
(34, 42). The loss of such specialized parasitoids can be especially
problematic for ecosystems sensitive to climate change, if there
are no other mechanisms to control the density of herbivore
insects, leading to a risk of herbivory outbreaks (43). Functional
homogenization, measured as the proportion of specialized species
in a community, is considered to be an important indicator of the
impact of global change on biodiversity (26). We found increased
dietary homogenization of parasitoid insects along elevational
gradients, as an effect of upshifting generalist species at the expense
of specialist ones. Climate warming is predicted to increase mean
annual temperatures and exacerbate weather variability despite
international commitments (44), and it is possible that the disap-
pearance of specialized parasitoids from higher elevation will be
even faster. These changes in community composition can affect
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key ecological dynamics, triggering cascading effects such as out-
breaks of host species, negative effects on primary producers, and
ecosystem instability (14, 45, 46).

Biodiversity conservation efforts are being scaled up following
the recently approved Kunming-Montreal Global Biodiversity
Framework (47), yet similar efforts by the Convention on Biological
Diversity have not achieved the desired outcome in the past
(48-50). Global biodiversity monitoring has failed to fully repre-
sent the complex nature of the global biodiversity crisis. Much of
the research has focused on species-level impact, typically verte-
brates (10-12); instead, ecosystem-wide impacts have received less
attention, despite potentially having more widespread conse-
quences (51). Our results show a progressive niche homogeniza-
tion in a dominant group of mountain parasitoids, with potentially
dramatic ecosystem-wide consequences which are yet to be fully
understood. Monitoring the effects of these changes is urgently
needed to implement informed and effective conservation strate-
gies for mountain ecosystems.

Materials and Methods

Data Collection. We focused our analysis on bristle flies (Diptera: Tachinidae),
a parasitoid family of flies with widespread distribution both geographically
and elevationally. Bristle flies are a recently evolved group of endoparasitoids,
distributed worldwide in terrestrial environments, and capable of feeding on a
variety of insects and, to a lesser extent, other arthropods such as centipedes and
scorpions (52-54). Less than half of described species have known hosts (55) but,
of those known, most attack larval stages of holometabolous insects, especially
Lepidoptera and Coleoptera (see ref. 56 for an account of the Palaearctic fauna).
Although traditionally considered to be polyphagous, evidence is mounting that
tachinids are often highly host-specific (20, 57).

In this study, we used a dataset of 60,978 tachinid occurrence records for 782
species from Central and Southern Europe, collected between years 1845 and
2022 (Dataset S1). The dataset was obtained by combining observations based on
specimens from museums and private collections; all specimens were identified to
species level and records were certified by PCand HPT. Each species was attributed
a diet breadth category of either "oligophagous” or "polyphagous,” based on host
preferences reported in Tschorsnig (58). Oligophagous were defined as those spe-
cialized species feeding on phylogenetically related hosts, belonging to one or two
family ranked clades; polyphagous were defined as those generalist species feeding
on a wide range of host species, belonging to two or more family ranked clades.

The relative sampling effort across different diet categories remained constant
through time; hence, changes in community composition are expected to reflect
genuine changes in the probability of the presence of oligophagous and polypha-
gous species across time and elevation. However, we recognized several sources
of biasin our dataset, which we have accounted for in our analysis (Data Analysis).

Data Analysis. We filtered the occurrence data points to remove those without
a defined elevational value or precise coordinate locations and those referring to
species of unknown dietary preferences. Additionally, given the temporal sparse-
ness of our data before 1960 and after 2019, we only retained records collected
between those years (S/ Appendix, Fig. S1and Appendix S1). The filtered dataset
consisted of 44,918 occurrence points. Each record in the dataset included spe-
cies name, phylogenetically defined tribe, elevation, geographic coordinates,
name of the location, year of collection, and species diet classification as either
“oligophagous” or "polyphagous.” The classification of species into tribes followed
past work (53, 59).

We followed the work of Isaac etal.(60) and Boyd etal.(61) in explicitly identi-
fying spatial and temporal bias in our dataset. As our work is aimed to the identifi-
cation of trends in diet specialization across time and elevation, we did not employ
species-specific models but rather a global model with a binary response variable,
represented as the presence "1" or absence "0" of specialized diet in a record
(i.e., the sampling of an oligophagous species). We examined potential sources
of bias in our dataset using the ROBITT tool (61) (S/ Appendix, Appendix S1).
In particular, we identified a bias in the sampling effort of our dataset through
space and through time. To minimize the effects of these biases, we added three

PNAS 2023 Vol.120 No.46 2308273120

model components designed to address variation in sampling effort (60). First, we
run alocation-based filter on our data, by only retaining locations with at least ten
occurrence points sampled overat least 15y (i.e., locations sampled over at least
one-quarter of the study period); this resulted in 10,858 records being retained
for 418 species. Second, we included a random effect for location identity; both
these two components are intended to reduce the effect of uneven spatial cov-
erage of our sampling over time. Third, we added a variable representing overall
sampling completeness in each locality to control for uneven sampling effort (see
below). Most of the sampling over the six decades was carried out during the
months of adult activity for tachinid species, which in Europe is roughly March
to November. Also, we did not account for the different detection ability among
experts because this does not alter the probability of identifying a specialist vs.
generalist species. Our final model, accounting for spatial and temporal bias, was
similar to the "ReportingRate” model with additional bias components control
reported in Isaac et al. (60), which had good performance under scenarios of
temporal change in the number of visits per site (which is similar to our data).

We ran a generalized additive model (GAM) with a binomial family to predict
the probability of occurrence records to refer to oligophagous species. The model
included smoothed effects of the elevation and year of collection and their para-
metric interaction. Both variables were rescaled before analysis. To reduce possible
overfitting and limit statistical relationships to biologically meaningful responses,
we limited the smooth parameter k = 3, approximately corresponding to quadratic
relationships. To control for varying sampling effort across localities, we included a
measure of sample completeness (62) for “incidence data" in the parametrization
case of q = 0(i.e., without data on populations abundance). In this case, we approx-
imated sample completeness as the ratio between number of observed species in
each location vs. the species diversity estimated with a Chao2 approach. To control
forthe effect of spatial autocorrelation in sampling localities, we used a trend surface
approach (63)including atensor product smooth of easting and northing.To control
for the effects of taxonomy, we added a random effect for phylogenetically defined
tribes. To control for the effects of uneven sampling, we added a random effect for
location identity. Based on this model, we visualized the relationship between the
probability of collecting oligophagous records over time at four representative ele-
vational bands (250 m, 750 m, 1,250 m,and 1,750 m asl)and in two representative
years (1960 and 2019).

As our analysis of bias highlighted a decreasing trend in the latitude of sam-
pled location over time (S/ Appendix, Appendix S1), we ran a sensitivity test to
assess whether our results were a true representation of temporal trend across
elevational bands rather than an artifact of biased sampling.To do so, we selected
a high-quality subset of the dataset that covers the best sampled period (1960-
2010),in the best sampled areas (Northern Italy to Southern Germany), and only
retained the best sampled locations (those with at least 30 y of sampling, >60%
temporal coverage). This subset limited our sample size to 3,456 records across
11 locations (S/ Appendix, Figs. S9 and S10), compared to 10,858 records across
60 locations used in the full analysis. By doing this, we reduced the problem of
varying sampling intensity through time, and also the problem of recent bias
toward lower latitudes. We repeated the analysis on this high-quality dataset and
produced a simplified version of our model without accounting for the random
effect of locations and the sampling effort within these, as these two factors were
included in the original model due to the mixed quality of sampling across space
(while here we only retain high-quality data). We also found that the number of
occurrence records is indeed uneven across species (S| Appendix, Fig. S11); hence,
we repeated our analyses after excluding commonly sampled species (those with
>50 records). For all tests, GAM models were run using R package "mgcv” (64),
while visualization was done using the package "visreg" (65).

To test our hypothesis of climate-induced change in altitudinal homogeniza-
tion, we measured climate trends in our study region. We extracted the average
minimum temperature of the year for each location included our model during
the period 1960-2020 (Dataset S2), using Google Earth Engine (66) to access
the TerraClimate dataset (67). We then represented the change in temperature
over time across locations and estimated global warming (°Cly) in each location
as the slope of the linear relationship between temperature and time.

We also performed a species-level analysis to identify the elevational trends
in the sampling of individual species. In this case, we wanted to assess whether
change in average sampled elevation was different between specialized and
generalist feeders and between species living at low or high elevations. In
this case, we used all sampling data in our dataset (after the initial filtering for
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completeness of spatial and diet information) but only retained 395 species
which had at least 10 occurrences sampled over at least 10 y. We divided species
into a low-elevation and a high-elevation group, based on the first quartile of
the elevation measured across all their occurrences. For each species, we then
measured the change in sampling elevation over time, as the slope of a simple
ordinary least square regression model. We reported model’s slopes registered
for species in each diet (polyphagous vs. oligophagous) and elevation (low vs.
high) group using histogram plots.

Data, Materials, and Software Availability. The bristle fly dataset used for
this analysis is made available here as Dataset S1. The climate data used in this

1. S.R.Loarie et al., The velocity of climate change. Nature 462, 1052-1055 (2009).

2. J.Brown, The theory of insular biogeography and the distribution of boreal birds and mammals. Gt.
Basin Nat. Mem. 2,209-227 (1978).

3. D.Rodder, T. Schmitt, P. Gros, W. Ulrich, J. C. Habel, Climate change drives mountain butterflies
towards the summits. Sci. Rep. 11, 1-12 (2021).

4. C.Moritz etal., Impact of a century of climate change on small-mammal communities in Yosemite
National Park, USA. Science 322, 261-264 (2008).

5. T.R.Bishop, M. P.Robertson, B.J. van Rensburg, C. L. Parr, Elevation-diversity patterns through
space and time: Ant communities of the Maloti-Drakensberg Mountains of southern Africa. J.
Biogeogr. 41,2256-2268 (2014).

6. D.Corcos et al., Predator and parasitoid insects along elevational gradients: Role of temperature
and habitat diversity. Oecologia 188, 193-202 (2018).

7. J.A.Pounds, M. P. L. Fogden, J. H. Campbell, Biological response to climate change on a tropical
mountain. Nature 398, 611-615(1999).

8. C.M.McCain, Global analysis of bird elevational diversity. Glob. Ecol. Biogeogr. 18, 346-360 (2009).

9. C.Dragonetti, V.Y. Mendez Angarita, M. Di Marco, Scenarios of change in the realized climatic niche
of mountain carnivores and ungulates. Conserv. Biol. 37, 14035 (2023).

10. J.A.Clark, R. M. May, Taxonomic bias in conservation research. Science 297,191-192 (2002).

11. P.Cardoso, T. L. Erwin, P.A.V. Borges, T. R. New, The seven impediments in invertebrate conservation
and how to overcome them. Biol. Conserv. 144, 2647-2655 (2011).

12. M. Di Marco, N. Butt, H. P. Possingham, S. Kearney, J. E. M. Watson, Changing trends and persisting
biases in three decades of conservation science. Glob. Ecol. Conserv. 10,32-42 (2017).

13. D.L Wagner, E. M. Grames, M. L. Forister, M. R. Berenbaum, D. Stopak, Insect decline in the
Anthropocene: Death by a thousand cuts. Proc. Natl. Acad. Sci. U.S.A. 118, 1-10(2021).

14. S.C.Maunsell, R. L Kitching, C.J. Burwell, R. J. Morris, Changes in host-parasitoid food web
structure with elevation. J. Anim. Ecol. 84,353-363(2015).

15. R.J. Morris, F. H. Sinclair, C. J. Burwell, Food web structure changes with elevation but not rainforest
stratum. Ecography 38, 792-802 (2015).

16. R.R.Dunn, N. C. Harris, R. K. Colwell, L. P. Koh, N. S. Sodhi, The sixth mass coextinction: Are most
endangered species parasites and mutualists? Proc. R. Soc. B Biol. Sci. 276, 3037-3045 (2009).

17. R.K.Colwell, R. R. Dunn, N. C. Harris, Coextinction and persistence of dependent species in a
changing world. Annu. Rev. Ecol. Evol. Syst. 43, 183-203 (2012).

18. L.J.Thomson, S. Macfadyen, A. A. Hoffmann, Predicting the effects of climate change on natural
enemies of agricultural pests. Biol. Control 52,296-306 (2010).

19. N.Watts et al., The Lancet Countdown on health and climate change: From 25 years of inaction to a
global transformation for public health. Lancet 391, 581-630(2018).

20. J.0.Stireman, L. A. Dyer, H.F. Greeney, Specialised generalists? Food web structure of a tropical
tachinid-caterpillar community Insect Conserv. Divers 10, 367-384 (2017).

21. V. Lefebvre, C.Villemant, C. Fontaine, C. Daugeron, Altitudinal, temporal and trophic partitioning of
flower-visitors in Alpine communities. Sci. Rep. 8, 1-12 (2018).

22. J.Roland, Large-scale forest gramentation incrases the duration of tent caterpillar outbreak.
Oecologia 93,25-30(1993).

23. A.Komonen, R. Penttila, M. Lindgren, I. Hanski, Forest fragmentation truncates a food chain based
on old-growth forest bracket fungus. Oikos 90, 119-126 (2000).

24. C.T.Jeffs, 0.T. Lewis, Effects of climate warming on host-parasitoid interactions. Ecol. Entomol. 38,
209-218(2013).

25. J.0.Stireman, M. S. Singer, Determinants of parasitoid-host associations: Insights from a natural
tachinid-lepidopteran community. Fcology 84, 296-310(2003).

26. J.Clavel, R. Julliard, V. Devictor, Worldwide decline of specialist species: Toward a global functional
homogenization? Front. Ecol. Environ. 9,222-228(2011).

27. M.Liu, D.R. Rubenstein, S.A. Cheong, S. F. Shen, Antagonistic effects of long- And short-term
environmental variation on species coexistence. Proc. R. Soc. B Biol. Sci. 288, 20211491 (2021).

28. J.R.Forrest, Complex responses of insect phenology to climate change. Curr. Opin. Insect Sci. 17,
49-54(2016).

29. C.L Outhwaite, P. McCann, T. Newbold, Agriculture and climate change are reshaping insect
biodiversity worldwide. Nature 605, 97-102 (2022).

30. C.A.Hallmann etal., More than 75 percent decline over 27 years in total flying insect biomass in
protected areas. PLoS One 12, €0185809 (2017).

31. S.Chowdhury, R. A. Fuller, H. Dingle, J. W. Chapman, M. P. Zalucki, Migration in butterflies: A global
overview. Biol. Rev. 96, 1462-1483 (2021).

32. J.0.Stireman, Host location and selection cues in a generalist tachinid parasitoid. Entomol. Exp.
Appl. 103, 23-34 (2002).

33. J.T.Longino, M. G. Branstetter, R. K. Colwell, How ants drop out: Ant abundance on tropical
mountains. PLoS One 9, 104030 (2014).

34, J.0.Stireman et al., Climatic unpredictability and parasitism of caterpillars: Implications of global
warming. Proc. Natl. Acad. Sci. U.S.A. 102, 17384-17387 (2005).

35. J.Lenoir, J. C. Svenning, Climate-related range shifts-A global multidimensional synthesis and new
research directions. Ecography 38, 15-28(2014).

https://doi.org/10.1073/pnas.2308273120

analysis are made available here as Dataset S2.The R code used for this analysis is
made available here as Appendix S2. All other data are included in the manuscript
and/or supporting information.

ACKNOWLEDGMENTS. We thank Nick Isaac and Lorenzo Marini for providing
feedback on an early version of our analysis. We thank Robert K. Colwell and an
anonymous reviewer for their insightful comments. This work received support
fromThe European Union-NextGenerationEU as part of the National Biodiversity
Future Center, Italian National Recovery and Resilience Plan (NRRP) Mission 4
Component 2 Investment 1.4 (CUP: B83C22002950007). L.S. acknowledges
support from the MUR Rita Levi Montalcini program.

36. S.Taheri, B. Naimi, C. Rahbek, M. B. Aratijo, Improvements in reports of species redistribution under
climate change are required. Sci. Adv. 7, eabe1110 (2021).

37. R.J.Wilson, D. Gutiérrez, J. Gutiérrez, V.. J. Monserrat, An elevational shift in butterfly species richness and
composition accompanying recent climate change. Glob. Chang. Biol. 13, 1873-1887 (2007).

38. C.Geppertetal., Consistent population declines but idiosyncratic range shifts in Alpine orchids
under global change. Nat. Commun. 11, 5835 (2020).

39. C.Geppert, A. Bertolli, F. Prosser, L. Marini, Red-listed plants are contracting their elevational
range faster than common plants in the European Alps. Proc. Natl. Acad. Sci. U.S.A. 120,
€2211531120(2023).

40. M. C. Urban, J.J. Tewksbury, K. S. Sheldon, On a collision course: Competition and dispersal
differences create no-analogue communities and cause extinctions during climate change. Proc. R.
Soc. B Biol. Sci. 279, 2072-2080(2012).

41. S.Feldmeier et al., Shifting aspect or elevation? The climate change response of ectotherms in a
complex mountain topography. Divers. Distrib. 26, 1483-1495 (2020).

42. M.A.Lamb, D.J. Otto, D. W. Whitman, Parasitism of eastern lubber grasshopper by Anisia serotina
(Diptera: Tachinidae) in Florida. Florida Entomol. 82, 365-371(1999).

43. P.A.Brodmann, C.V. Wilcox, S. Harrison, Mobile parasitoids may restrict the spatial spread of an
insect outbreak. J. Anim. Ecol. 66, 65 (1997).

44. H.D.Matthews, S. Wynes, Current global efforts are insufficient to limit warming to 1.5°C. Science
376, 1404-1409 (2022).

45. R.K.Colwell, G. Brehm, C. L. Cardelds, A. C. Gilman, J.T. Longino, Global warming, elevational range
shifts, and lowland biotic attrition in the wet tropics. Science 322, 258-261(2008).

46. D.Chamberlain, M. Brambilla, E. Caprio, P. Pedrini, A. Rolando, Alpine bird distributions along
elevation gradients: The consistency of climate and habitat effects across geographic regions.
Oecologia 181,1139-1150(2016).

47.  Convention on Biological Diversity, “The Kunming-Montreal Global Biodiversity Framework"
(Conference of the Parties to the Convention on Biological Diversity, Montreal, Canada, 2022).

48.  S.H.M.Butchart et al., Global biodiversity: Indicators of recent declines. Science 328, 1164-1168 (2010).

49. D.P.Tittensor et al., A mid-term analysis of progress toward international biodiversity targets.
Science 346, 241-244.(2014).

50. IPBES "Global assessment report on biodiversity and ecosystem services of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services”. E. S. Brondizio, J. Settele, S. Diaz,
H.T.Ngo, Eds. (IPBES secretariat, Bonn, Germany, 2019), pp. 1148.

51. B.R.Scheffers et al., The broad footprint of climate change from genes to biomes to people. Science
354,aaf7671(2016).

52. P.Cerretti et al., Signal through the noise? Phylogeny of the Tachinidae (Diptera) as inferred from
morphological evidence. Syst. Entomol. 39, 335-353 (2014).

53. J.0.Stireman, P. Cerretti, J. E. 0'Hara, J. D. Blaschke, J. K. Moulton, Molecular phylogeny and
evolution of world Tachinidae (Diptera). Mol. Phylogenet. Evol. 139, 106358 (2019).

54. J.0.Stireman, P. Cerretti, J. E. 0'Hara, J. K. Moulton, Extraordinary diversification of the "bristle flies”
(Diptera: Tachinidae) and its underlying causes. Biol. J. Linn. Soc. 133,216-236(2021).

55. J.0.Stireman, J. E. 0'Hara, D. M. Wood, Tachinidae: Evolution, behavior, and ecology. Annu. Rev.
Entomol. 51, 525-555 (2006).

56. P Cerretti, H. -P. Tschorsnig, Annotated host catalogue for the Tachinidae (Diptera) of Italy. Stuttgarter
Beitrdge zur Naturkd. A 3, 305-340 (2010).

57. M.A.Smith, D. M. Wood, D. H. Janzen, W. Hallwachs, P. D. N. Hebert, DNA barcodes affirm that 16
species of apparently generalist tropical parasitoid flies (Diptera, Tachinidae) are not all generalists.
Proc. Natl. Acad. Sci. U.S.A. 104, 4967-4972 (2007).

58. H.-P. Tschorsnig, Preliminary host catalogue of Palaearctic Tachinidae (Diptera) (2017). https://www.
uoguelph.ca/nadsfly/Tach/WorldTachs/CatPalHosts/Cat_Pal_tach_hosts_Ver1.pdf. Accessed 15 April 2023.

59. P.Cerretti,  tachinidi della fauna italiana (Diptera Tachinidae), con chiave interattiva dei generi ovest-
paleartici. Vol. 1., Centro Naz (Cierre Edizioni, 2010).

60. N.J.B.lIsaac,A.J. van Strien, T. A. August, M. P. de Zeeuw, D. B. Roy, Statistics for citizen science:
Extracting signals of change from noisy ecological data. Methods Ecol. Evol. 5,1052-1060 (2014).

61. R.J.Boyd etal., ROBITT: Atool for assessing the risk-of-bias in studies of temporal trends in ecology.
Methods Ecol. Evol. 13, 1497-1507 (2022).

62. A.Chao et al,, Quantifying sample completeness and comparing diversities among assemblages.
Ecol. Res. 35,292-314(2020).

63. R.Fletcher, M.-J. Fortin, "Spatial dependence and autocorrelation” in Spatial Ecology and
Conservation Modeling (Springer, 2018), pp. 133-168.

64. S.N.Wood, Fast stable restricted maximum likelihood and marginal likelihood estimation of
semiparametric generalized linear models. J. R. Stat. Soc. B. 73, 3-36 (2011).

65. P.Breheny, W. Burchett, Visualization of Regression Models Using visreg (R Package Version 2.2-0,
2015), pp. 1-15.

66. N.Gorelick et al., Google Earth Engine: Planetary-scale geospatial analysis for everyone. Remote
Sens. Environ. 202, 18-27 (2017).

67. J.T.Abatzoglou, S.Z. Dobrowski, S. A. Parks, K. C. Hegewisch, TerraClimate, a high-resolution global
dataset of monthly climate and climatic water balance from 1958-2015. Sci. Data 5, 1-12 (2018).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2308273120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308273120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308273120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308273120#supplementary-materials
https://www.uoguelph.ca/nadsfly/Tach/WorldTachs/CatPalHosts/Cat_Pal_tach_hosts_Ver1.pdf
https://www.uoguelph.ca/nadsfly/Tach/WorldTachs/CatPalHosts/Cat_Pal_tach_hosts_Ver1.pdf

	Elevational homogenization of mountain parasitoids across six decades
	Significance
	Results
	Discussion
	Materials and Methods
	Data Collection.
	Data Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 18



