
Research 

Cite this article: Marquis MK, Mason BM, 
Loiselle B, Francis JS, Lilkendey T, Mulling J, 
Callaghan CT. 2026 Anthropogenic modification 
shifts pollinator phenology in the eastern USA. R. 
Soc. Open Sci. 13 : 260267. 
https://doi.org/10.1098/rsos.260267 

Received: 6 February 2026 
Accepted: 1 June 2026 

Subject Category: 
Ecology, Conservation, and Global Change Biology 

Subject Areas: 
ecology 

Keywords: 
anthropogenic modification, citizen science, insect 
pollinators, pollinator phenology 

Author for correspondence: 
Marina K. Marquis 
e-mail: marina.marquis14@gmail.com 

Supplementary material is available online at 
https://doi.org/10.6084/m9.figshare.c.8615729 . 

Anthropogenic modification 

shifts pollinator phenology in 

the eastern USA 

Marina K. Marquis1 , Brittany M Mason1 , Bette Loiselle1 , 
Jacob S. Francis2 ,3 , Thomas Lilkendey1 , Janina Mulling1 

and Corey T. Callaghan1 

1 Department of Wildlife Ecology and Conservation, Fort Lauderdale Research and Education 
Center, Institute of Food and Agricultural Sciences, University of Florida, Davie, FL, USA 
2 Department of Biological Sciences, University of Florida, Gainesville, FL, USA 
3 School of the Environment, Coastal and Ocean Sustainability, Florida Atlantic University, Davie, 
Florida, USA 

MKM, 0009- 0000- 9815- 4240 ; BMM, 0000- 0002- 5325- 5686 ; 
BL, 0000- 0003- 1434- 4173 ; JSF, 0000- 0002- 3534- 3113 ; 
CTC, 0000- 0003- 0415- 2709 

Understanding the effects of increasing anthropogenic changes 
on ecological communities is integral to predicting and miti- 
gating such changes in the future. Insect pollinators are vital to 
ecosystem health. Quantifying pollinator phenology (i.e. flight 
period) offers insight into human impacts on ecosystem func- 
tion, yet research is often constrained to narrow geographic and 

taxonomic scales. To address these constraints, we conducted 

a large-scale assessment of pollinator phenology across an an- 
thropogenic modification gradient in the eastern USA using cit- 
izen science data from iNaturalist. We integrated 83 012 polli- 
nator observations of 52 species with a remotely sensed layer of 
human modification to quantify species-specific differences in 
phenological change. We tested whether anthropogenic modifi- 
cation was a predictor of phenology. Our results reveal both tax- 
onomic and spatial variation across a gradient of anthropogenic 
modification, with 19 species from three orders experiencing 
phenological shifts. We found evidence that pollinators in more 
anthropogenically modified areas of the eastern USA have sea- 
sons that start and end later in the year. By leveraging citizen 
science data, this study expands phenological research and pro- 
vides a broader assessment across taxonomic and spatial scales. 

1. Introduction 
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From 1993 to 2009, the human footprint increased by 9%,
with 75% of the Earth’s land surface experiencing anthro-
pogenic modification [1 ]. Anthropogenic modification is broadly
defined as any human-driven change to natural systems [1 ].
These human-driven changes cause habitat fragmentation, warmer
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t tant changes that influence the struc- 
t munities of reptiles [3 ], birds [4 ] and 

m opogenic modification also facilitates 
t l communities that are dominated by 
n sity [7 –9 ], some species adapt to such 
c ge (e.g. [10 ]). So, quantifying species- 
s stand how biodiversity patterns will 
s

henology—the timing of cyclical life- 
h nd emergence). Phenology responds 
t  [13 ], plants [14 ] and frogs [15 ]. Some 
fl uch as land use change, urbanization 
a g and duration of flowering [16 –20 ]. 
T scading effects on insect pollinators, 
w

lution, pollinate a significant propor- 
t gher trophic levels [23 –26 ]. Therefore, 
i y inhabit, and a useful lens through 
w enic change. With approximately 20- 
4 sect responses to change is more im- 
p ollinator phenology is key to reveal- 
i g ecosystem functions and informing 
c ly modified environments. Although 
p ed in insect pollinators [27 –29 ], how 

t  

a large scale, most insect phenology 
s ost taxonomically expansive studies 
o ey found that only three groups of 
p nced shifts in peak pollination times 
i  groups (e.g. butterflies, large solitary 
b udy, like most urban pollinator phe- 
n ea. In addition, comparison of these 
fi ar studies focus solely on the phenol- 
o mic variation [27 ,28 ]. This study and 

s ffects of anthropogenic modification 
a dies are invaluable, they miss out on 
l anthropogenic change across spatial 
a t on where we might expect pollina- 
t ost likely to be affected, broadening 
t

s of previous work by using citizen 
s ublic participation in data collection, 
o Some studies use citizen science to 
o with a relatively high accuracy of 
t derstand how pollinator phenology 
i verse taxonomic group. Specifically, 
w nificant predictor of insect pollinator 
p s to anthropogenic change vary by 
t nge would be a significant predictor 
o  

2
2
U ta collection to the One Earth Ap- 
p d to as Bioregion NA24 . A One Earth 
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emperatures and shifted resource availability, among other impor
ure and function of ecological communities [2 ]. For example, com
ammals [5 ] all shift because of anthropogenic modification. Anthr

he establishment of non-native species, often resulting in ecologica
on-natives [6 ]. Although such changes typically decrease biodiver
hanges and thrive in medium levels of anthropogenic habitat chan
pecific responses to anthropogenic change is important to under
hift in increasingly modified environments. 
One such species-specific response to anthropogenic change is p

istory events in an organism’s life cycle (e.g. breeding, flowering a
o climate change [11 ,12 ] across many diverse taxa, including birds
owering plants, for example, respond to anthropogenic variables, s
nd global and urban warming, by shifting the time of first flowerin
his shift in plant phenology and flowering periods may have ca
hich may shift their phenology accordingly [21 ,22 ]. 
Insect pollinators exert a selective influence on angiosperm evo

ion of angiosperms globally and are an abundant food source for hi
nsect pollinators are critical components of the environments the
hich to examine how these environments respond to anthropog
0% decline in insect pollinator populations [24 ], understanding in
ortant now than ever. For example, examining shifts in plant and p
ng potential mismatches in plant-pollinator interactions, preservin
onservation strategies in the face of increasingly anthropogenical
henological shifts in the urban environment have been document
heir phenology shifts across taxonomic groups remains uncertain.

Owing to the logistical constraints of collecting insect data on 
tudies focus on only a few groups of pollinators. One of the m
f urban insect pollinator phenology was conducted by [29 ]. Th
ollinators—bumblebees, honeybees and small wild bees—experie
n urban areas of the Île-de-France region of France. Other pollinator
ees, beetles, etc.) did not experience such shifts. However, this st
ology studies, was conducted in a relatively small geographic ar
ndings with results from other studies is difficult, as several simil
gy of bees and, therefore, cannot identify higher levels of taxono
tudies like it also focus on urbanization rather than the broader e
nd are therefore limited in scope to urban centres. While these stu
arge-scale phenology patterns, such as variation in the impact of 
nd taxonomic gradients. Such broad-scale patterns help shed ligh
ors to have altered phenology and which pollinator groups are m
he scope of our knowledge. 

We aimed to expand upon the taxonomic and spatial limitation
cience data. Citizen science, or community science, incorporates p
ften expanding the potential geographic and taxonomic scale. 
vercome the logistical constraints of plant-pollinator research, 
axonomic identification of insects [21 ,30 –32 ]. Our goal was to un
s associated with anthropogenic habitat modification across a di
e aimed to (a) determine whether anthropogenic change is a sig
henology and (b) test whether pollinator phenological response
axonomic group. We predicted that the level of anthropogenic cha
f pollinator phenology and would vary across taxonomic groups.

. Methods 
.1. Study region 
sing the One Earth Bioregion Framework, we constrained da
alachia & Allegheny Interior Forests bioregion, henceforth referre
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260267/​6164619/​rsos.​260267.​pdf
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Figure 1. The number of species in each 5 × 5 km2 grid cell in Bioregion NA24 that met our filtering criteria. The panels on the right- 
hand side show variation in observation count by grid cell for three example species. These panels are a zoom into the city of Atlanta, 
Georgia, USA, denoted by the white square box, as an example of variation in observation counts. 

b res and climate zones [33 ]. We con- 
s riation in climate zones and species 
c outheastern USA ( figure 1 ). Running 
a bama to central New York. The dom- 
i ludes four ecoregions: Appalachian- 
B hian Piedmont Forest and Allegheny 
H  seasons and regular winter snowfall 
a This bioregion, which covers approx- 
i e latitudinal spatial scale from which 
t as such as Atlanta, Georgia (popula- 
t lion), highlighting the intersection of 
d
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ioregion is defined by its biome(s), large-scale geographic featu
trained our study to one bioregion so that we could limit the va
omposition. Bioregion NA24 spans parts of the northeastern and s
long the Blue Ridge Mountains, this region spans from central Ala
nant habitat type in Bioregion NA24 is broadleaf forest, and it inc
lue Ridge Forest, Appalachian Mixed Mesophytic Forest, Appalac
ighlands Forest. We chose this region because of its four distinct
nd freezes [34 ], and because it has variable levels of urbanization. 
mately 58.5 million hectares of land across 12 states, provides a larg
o examine phenology. It also encompasses major metropolitan are
ion 5.1 million) and Charlotte, North Carolina (population 1.38 mil
ense urban development with unique ecoregions [35 ]. 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260267/​6164619/​rsos.​260267.​pdf
ida user
26



4
royalsocietypublishing.org/rsos

R.Soc.OpenSci.
13:

260267
................................................................................

2
W diversity Information Facility (GBIF) 
f a and Lepidoptera and observations 
t gion NA24 [36 ]. The Research Grade 
d tandards of a verifiable observation, 
( ralist community on the taxonomic 
i dy, we defined pollinators as insects 
t ntact plants’ reproductive parts). Us- 
i iets to remove non-pollinator species 
o species included in the study). For a 
s eer-reviewed, published by a state or 
f adults of the species consume flower 
n dy hair and functional mouth parts). 
S  pollinators owing to their body size, 
w self-cleaning behaviour that removes 
p ved from the study. Species were also 
r t their adult feeding habits. We used 

t t would reflect pollinator phenology 
p manual literature search rather than 
a es less widely known as pollinators. 
A logical estimates across an adequate 
r bed below), we conducted this man- 
u se they were not pollinators and 124 
s abits (supplementary material, table 
S

2
W set and total duration. These are the 
b ralist observations of pollinators in 
B rid cell. First, we used the R package 
s  grid cells across Bioregion NA24 [39 ]. 
T [40 ]. We then collated the pollinator 
o taset to include only grid cells where 
s ch species in each grid had enough 
o  data, we used a Weibull probability 
d stimates for each species in each grid 

[  as: onset (10th earliest percentile of 
o bservations, i.e. end of season), and 

t ting onset from offset). 

2 dification and climatic gradient 
A assigned anthropogenic modification 
a quantify anthropogenic modification 
i  to estimate the proportion of a given 
a being highly human-modified. Each 
G ls within a single 5 × 5 km2 grid cell. 
U f all pixels that fall within each 5 x 5 
k ogenic modification across Bioregion 
N nology estimates ( figure 1 ). We also 
o Bioregion NA24 from Daymet V4 [44 ], 
a o estimate the average precipitation 
a imum, average daily maximum and 

a daily minimum, average daily maxi- 
m  grid cell. 
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.2. Data collection 
e obtained Research Grade iNaturalist data from the Global Bio

or all species within the orders Coleoptera, Hymenoptera, Dipter
aken between 2008 and 2024 in a custom boundary around Biore
esignation is given to observations that (a) meet iNaturalist data s
b) have acquired more than two-thirds agreement from the iNatu
dentification and (c) meet licensing requirements [37 ]. For this stu
hat engage in pollination activities (e.g. collect pollen/nectar and co
ng this definition, we created a manual literature search of adult d
bservations from the GBIF dataset (see table 1 for a final list of 
pecies to be considered a pollinator, at least one credible source (p
ederal government or by a public university) had to state that the 
ectar or pollen and have the body morphology to pollinate (e.g. bo
ome ant species, for example, consume pollen but are not effective
hich is not optimized to reach floral reproductive structures, their 
ollen and their lack of flight dispersal [38 ]. Such species were remo
emoved from the study if no credible sources could be found abou
his conservative definition of pollinators to ensure that the datase
atterns and not the phenology of insects overall. We also used a 
n existing pollinator list so that the dataset would include speci
fter filtering the pollinator observations to produce stable pheno
ange of Global Human Modification Index (GHMI) values (descri
al literature review. We removed 80 species from the study becau
pecies because of a lack of information about their adult feeding h
1). Many of the removed species were moths or beetles. 

.3. Phenological estimates 
e used three different measures of pollinator activity: onset, off
eginning, end and duration of a species’ season. We used iNatu
ioregion NA24 to assess these phenological estimates within each g
f to create a gridded map of Bioregion NA24, with 24 128 5 × 5 km2

he grid cell size that we used reflects the methodology used in 
bservations into their corresponding grid cells and filtered the da
pecies had at least 10 observations. We did this to ensure that ea
bservations to produce phenological estimates. After filtering the
istribution from the R package phenesse to produce phenological e
41 ]. Using a method developed by [42 ], we measured phenology
bservations, i.e. beginning of season), offset (90th percentile of o
otal duration (number of days in the season, quantified by subtrac

.4. Organization of pollinator phenology across a human mo
fter estimating the phenology of each species in each grid cell, we 
nd climatic values to each grid cell. We used the GHMI dataset to 
n each grid cell [43 ]. The GHMI dataset uses 13 individual datasets
rea of land that is human-modified. It ranges from 0 to 1, with 1 
HMI pixel represents a 10 × 10 m2 area, and there are 250 000 pixe
sing Google Earth Engine, we calculated the mean GHMI value o
m2 grid cell in the dataset, creating a gridded measure of anthrop
A24 that we combined with our pollinator observations and phe
btained daily temperature and precipitation data for each pixel in 
ccessed through Google Earth Engine, for the period 2008–2024. T
nd temperature for each grid, we calculated the average daily min
verage daily precipitation per pixel, then calculated the average 
um and average daily precipitation across all pixels in each 5 km
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260267/​6164619/​rsos.​260267.​pdf
ida user
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Table 1. Pollinator species included in the generalized additive model (GAM) analyses following literature-based verification of pollina- 
tor status and data-quality filtering (see Methods above), with summary statistics describing their coverage across the anthropogenic 
modification gradient (GHMI). Species are ordered by the number of grid cells with observations. 

species order family 

number of 
grid cells with 
observations 

minimum 

GHMI 
maximum 

GHMI 
GHMI 
range 

Papilio glaucus Lepidoptera Papilionidae 386 0.006 0.919 0.913 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus impatiens Hymenoptera Apidae 304 0.002 0.919 0.918 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Xylocopa virginica Hymenoptera Apidae 222 0.006 0.919 0.913 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Danaus plexippus Lepidoptera Nymphalidae 214 0.006 0.882 0.876 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Apis mellifera Hymenoptera Apidae 182 0.006 0.919 0.913 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Epargyreus clarus Lepidoptera Hesperiidae 137 0.006 0.919 0.913 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Atteva punctella Lepidoptera Attevidae 100 0.162 0.919 0.757 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Dione vanillae Lepidoptera Nymphalidae 100 0.002 0.919 0.918 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Battus philenor Lepidoptera Papilionidae 98 0.000 0.88 0.88 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Phyciodes tharos Lepidoptera Nymphalidae 94 0.006 0.846 0.84 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Junonia coenia Lepidoptera Nymphalidae 85 0.006 0.919 0.913 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Elkalyce comyntas Lepidoptera Lycaenidae 70 0.006 0.846 0.84 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hylephila phyleus Lepidoptera Hesperiidae 67 0.112 0.919 0.807 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pieris rapae Lepidoptera Pieridae 66 0.048 0.869 0.821 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus griseocollis Hymenoptera Apidae 64 0.006 0.869 0.863 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pyrrharctia isabella Lepidoptera Erebidae 60 0.048 0.831 0.782 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Lon zabulon Lepidoptera Hesperiidae 59 0.336 0.846 0.51 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Papilio troilus Lepidoptera Papilionidae 57 0.007 0.831 0.823 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus 
bimaculatus 

Hymenoptera Apidae 55 0.088 0.869 0.782 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Speyeria cybele Lepidoptera Nymphalidae 54 0.006 0.831 0.824 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Papilio polyxenes Lepidoptera Papilionidae 53 0.327 0.839 0.512 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Udea rubigalis Lepidoptera Crambidae 44 0.156 0.831 0.675 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus 
pensylvanicus 

Hymenoptera Apidae 39 0.211 0.919 0.709 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Costaconvexa 
centrostrigaria 

Lepidoptera Geometridae 39 0.156 0.808 0.653 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scopula 
limboundata 

Lepidoptera Geometridae 39 0.127 0.681 0.554 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

( Continued. ) 
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Table 1. ( Continued. ) 

species order family 

number of 
grid cells with 
observations 

minimum 

GHMI 
maximum 

GHMI 
GHMI 
range 

Vespula maculifrons Hymenoptera Vespidae 39 0.34 0.864 0.523 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Phoebis sennae Lepidoptera Pieridae 36 0.008 0.919 0.911 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Coccinella 
septempunctata 

Coleoptera Coccinellidae 35 0.007 0.864 0.857 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Euptoieta claudia Lepidoptera Nymphalidae 34 0.006 0.839 0.833 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Toxomerus 
marginatus 

Diptera Syrphidae 32 0.255 0.839 0.584 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abaeis nicippe Lepidoptera Pieridae 31 0.006 0.763 0.757 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Prochoerodes 
lineola 

Lepidoptera Geometridae 31 0.064 0.792 0.728 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Toxomerus 
geminatus 

Diptera Syrphidae 31 0.068 0.839 0.771 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Vanessa atalanta Lepidoptera Nymphalidae 30 0.002 0.869 0.868 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pleuroprucha 
insulsaria 

Lepidoptera Geometridae 29 0.307 0.831 0.524 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Vanessa virginiensis Lepidoptera Nymphalidae 29 0.112 0.763 0.651 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Calycopis cecrops Lepidoptera Lycaenidae 27 0.241 0.808 0.567 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Alaus oculatus Elateridae Coleoptera 26 0.068 0.808 0.74 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Lerema accius Lepidoptera Hesperiidae 26 0.112 0.919 0.807 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Protographium 

marcellus 
Lepidoptera Papilionidae 26 0.112 0.665 0.553 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Urbanus proteus Lepidoptera Hesperiidae 26 0.112 0.919 0.807 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tetraopes 
tetrophthalmus 

Coleoptera Cerambycidae 25 0.048 0.839 0.79 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chauliognathus 
pensylvanicus 

Coleoptera Cantharidae 23 0.255 0.831 0.575 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cisseps fulvicollis Lepidoptera Erebidae 21 0.255 0.816 0.56 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Darapsa myron Lepidoptera Sphingidae 21 0.13 0.67 0.54 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Polistes fuscatus Hymenoptera Vespidae 21 0.308 0.869 0.561 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scolia dubia Hymenoptera Scoliidae 21 0.255 0.869 0.614 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chauliognathus 
marginatus 

Coleoptera Cantharidae 20 0.354 0.837 0.484 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

( Continued. ) 
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Table 1. ( Continued. ) 

species order family 

number of 
grid cells with 
observations 

minimum 

GHMI 
maximum 

GHMI 
GHMI 
range 

Chlosyne nycteis Lepidoptera Nymphalidae 20 0.006 0.808 0.802 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hemaris diffinis Lepidoptera Sphingidae 20 0.354 0.792 0.438 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Marimatha 
nigrofimbria 

Lepidoptera Noctuidae 20 0.156 0.692 0.536 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Strymon melinus Lepidoptera Lycaenidae 20 0.112 0.831 0.718 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e average of the daily minimum and 

m alysis included a range of grid cells 
a aily temperature value, mean daily 
p duration) for each species observed 

w de enough range of GHMI values to 
m cluded species that have phenology 
e deviation of GHMI values of at least 
0 ethodology. 

2
T st whether anthropogenic modifica- 
t valuated whether these relationships 
e the species-specific level (i.e. for indi- 
v ategories: regional-level models and 

s ach category, we fitted three separate 
m set and (iii) duration of pollinator ac- 
t een anthropogenic modification and 

p  how these relationships vary among 
i

2
W responses were calculated across all 
s i) regional-level onset, (ii) regional- 
l redictor variables were GHMI, tem- 
p (latitude and longitude). Because of 
t  climatic and geographic variables, 
w  using the mgcv package in R [45 ]. 
W red modelling GHMI as a smooth 
t y higher Akaike information crite- 
r s smooth functions using thin-plate 
r d longitude) as a two-dimensional 
t  were able to assess the impact of 
h l, taxonomic and climatic variation 
i y, we included species identity us- 
i odels to their associated null mod- 
e er GHMI improves model fit and 

i multi-collinearity among predictors 
p were present (e.g. temperature and 

l n, the inclusion of spatial smooths 

Downloaded from ro
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For modelling, the mean daily temperature was calculated as th
aximum temperatures for each grid cell. The final dataset for an
cross the eastern USA; each grid cell had a GHMI value, mean d
recipitation value and phenological estimates (onset, offset and 

ithin that grid. To ensure that there were enough data and a wi
odel the relationship between phenology and GHMI, we only in
stimates for at least 20 grids and that have a range and standard 

.30 and 0.10, respectively. See figure 2 for a full workflow of this m

.5. Data analysis 
o answer our research objectives, we created a set of models to te
ion significantly influences pollinator phenology. Specifically, we e
merge at the regional level (i.e. across all species collectively) or at 
idual species). We organized our modelling framework into two c
pecies-specific models (supplementary material, table S2). Within e
odels corresponding to each phenological metric: (i) onset, (ii) off

ivity. Regional-level models quantify the overall relationship betw
henology across all species, whereas species-specific models assess
ndividual taxa. 

.6. Regional-level models 
e fitted three separate regional-level models, where phenology 
pecies as a group. The three separate models were as follows: (
evel offset and (iii) regional-level duration. For each model, the p
erature, precipitation, species identity and geographic location 
he expected nonlinear relationship between phenology and the
e used generalized additive models (GAMs) to model the data
e included GHMI as a linear predictor. Although we conside

erm, this resulted in worse model performance, as indicated b
ion (AIC) values. Temperature and precipitation were modelled a
egression splines. We modelled geographic location (latitude an
hin-plate spline of latitude and longitude [46 ]. In this way, we
uman modification on phenology while accounting for spatia
n phenology. To account for interspecific variation in phenolog
ng a smooth with a random-effect basis. We compared these m
ls (which did not have GHMI as a predictor) to assess wheth
ncreases the variation explained by the GAMs. We assessed 

rior to model construction. While some moderate correlations 
atitude), no pairwise correlations exceeded | r | = 0.9. In additio
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260267/​6164619/​rsos.​260267.​pdf
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Figure 2. Step-by-step representation of the workflow used for data collection and analysis. We (A) downloaded photographic insect 
pollinator observations from Bioregion NA24 during the years of 2008 to 2024, (B) obtained the GHMI land cover data for Bioregion 
NA24, (C) created a gridded map of Bioregion NA24 and placed both observations and land cover data into the appropriate grids, (D) 
filtered the data for grid cells that had at least 10 Research Grade observations per species, (E) used the phenesse package in R ([41 ]; R 
version 2024.09.1) to calculate estimates of the beginning, end and total duration of activity periods for each species in each grid and 
(F) used GAM to test the significance of anthropogenic change as a predictor of the phenological estimates estimated in step E. 

r ictors. To determine the appropriate 
m ion and geographic location, we con- 
d  [44] on several species with varying 
s ndom effect. Based on this, we fixed 

k  location to reduce the risk of overfit- 
t d the gam.check() function from the 
m grams of residuals, residuals versus 
t ntiles. Based on these diagnostics, as 
w Gaussian distribution for all GAMs. 
A L) for more stable and conservative 
m
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educes concerns about collinearity among spatially structured pred
odel family and smoothing parameter for temperature, precipitat
ucted model testing using gam.check() from the mgcv package in R
ample sizes, including one model that incorporated species as a ra
 at 20 for temperature, 20 for precipitation and 170 for geographic
ing for the species-specific models. For model diagnostics, we use
gcv package [45 ], comparing response versus fitted values, histo

he linear predictor and deviance residuals against theoretical qua
ell as the distribution and type of response variable, we used a 
ll models were fitted using restricted maximum likelihood (REM
odel estimates [47 ]. 
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2
S aset, where each species was treated 

i ecific onset, (ii) species-specific offset 
a t of the regional-level models (i.e. the 
s tment being that geographic location 
h e compared to a null model without 
G  the number of occupied grid cells, 
r  associated with GHMI and assessed 

w

2
W  for. In addition, the variables that we 
u ading results. We, therefore, assessed 

t  the extent to which GHMI (anthro- 
p ollinator phenology. To do this, we 
u lation density [48 –50 ], from the grid- 
d ioregion NA24 as an explicit measure 
o t 1 km resolution, averaged across 5 
k sity and phenology is very similar to 
t MI and urbanization similarly affect 
p 2). 

 between GHMI (a static variable pro- 
d ss a 16-year time span. However, the 
s  this temporal mismatch. The iNatu- 
r asure of GHMI was at approximately 
5  GHMI measures in a given grid cell 
o addition, although the dataset spans 
a ith the average observation year per 
g ip between average observation year 
a orted by a supplementary analysis, 
w  years) shows very little change over 
t rial, fig. S4). Further, we recalculated 

p ained dataset (only years 2012–2020; 
+  in the iNaturalist dataset. We found 

v e estimates are robustly measured in 
s

hat could result in spurious correla- 
t  of sampled grid cells remained simi- 
l tribution of GHMI values across grid 

c , raising the possibility that observed 

r ling effort rather than a true pheno- 
l  grid cells to ensure an equal number 
o bustness of our findings. Although, 
t hips between mean GHMI and onset 
( 17.046, p < 0.001, adjusted R2 = 0.55) 
a  similar to those from the full dataset 
(

3
T original dataset of all observations of 
L region NA24 in the years 2008–2024. 
A nd 83 012 observations ( table 1 and 

fi enoptera, Lepidoptera, Diptera and 
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.7. Species-specific models 
imilar to above, we fitted three models for each species in the dat
ndependently. The separate models were as follows: (i) species-sp
nd (iii) species-specific duration. The model structure followed tha
ame predictor variables, treated the same way), with the only adjus
ad a fixed k of 20, given the smaller sample size. All models wer
HMI as a predictor variable. Species sample sizes, measured by
anged from 20 to 386. From these models, we examined the slope
hether the relationship was statistically significant. 

.8. Sensitivity and robustness analyses 
e recognize that citizen science has biases that must be accounted
sed for analysis and the structure of our data could produce misle
hese results and data structure in various ways. First, we assessed
ogenic modification) mirrors urbanization in its relationship to p
sed population density, a commonly used proxy for human popu
ed population of the world version 4.11 dataset (CIESIN 2018) in B
f urbanization [51 ]. We used total population density for 2020 a
m2 grid cells. The resulting relationship between population den
he relationship between GHMI and phenology, suggesting that GH
henological estimates (see supplementary material, figs. S1 and S
Second, we recognize that there is a potential temporal mismatch

uced in 2016) and the iNaturalist data, which are aggregated acro
patial grain that we used reduced the potential bias introduced by
alist observations were aggregated into 5 km2 grid cells, and the me
00 m resolution. Therefore, the potential of significantly different
ver the course of the iNaturalist data aggregation is minimal. In 
 16-year period, most observations are from more recent years, w
rid concentrated between 2019 and 2024 with no strong relationsh
nd GHMI value (supplementary material, fig. S3). This was supp
hich showed that population density (which is produced every 5

he 16-year time span of the iNaturalist data (supplementary mate
henological estimates (onset, offset and duration) using a constr
 /- 4 years of the 2016 measure) for the 10 most abundant species
ery similar grid-level phenological estimates, suggesting that thes
pace (supplementary material, fig. S5). 
Third, there may be temporal and spatial biases in sampling t

ions. With respect to temporal bias, we found that the distribution
ar across years (supplementary material, fig. S6). However, the dis
ells used in the analysis is uneven (supplementary material, fig. S7)
elationships may reflect an association between GHMI and samp
ogical response to GHMI. To address this, we randomly resampled
f observations within 0.2 GHMI bins, allowing us to assess the ro
his reduced the sample size from 758 to 433 grid cells, the relations
estimate = 15.14, p = 0.681, adjusted R2 = 0.50), offset (estimate = 

nd duration (estimate = 2.879, p = 0.717, adjusted R2 = 0.43) were
see regional-level results below). 

. Results 
here were 1032 pollinator species and 113 653 observations in the 
epidoptera, Coleoptera, Hymenoptera and Diptera species in Bio
fter filtering, the final dataset for analysis included 52 species a
gure 3 ). These species spanned 20 families and four orders: Hym
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260267/​6164619/​rsos.​260267.​pdf
ida user
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Figure 3. Slopes of species-level phenology estimates (total duration, offset and onset) across the gradient of anthropogenic change 
(GHMI). Each point represents the estimated slope from a species-specific GAM relating a phenological metric to GHMI, with species 
denoted by numerical IDs on the y-axis. Error bars show standard error (SE) of the slope estimates. Each species appears once in each 
panel: one slope for onset, one for offset and one for total duration. A positive slope indicates that species phenology is delayed or 
lengthened as the level of anthropogenic modification increases; a negative slope exhibits a phenological advancement or shortening 
as the level of anthropogenic modification increases. 

C r of observations was made later in 
t met the filtering criteria for analysis 
( from 0.0002 to 0.9192 (mean = 0.4999, 
s 1◦C across all grids used for analy- 
s ranged from 2.49 to 5.99 mm (mean 
= ntly shifted the activity periods of 19 
s und in table S3 in the supplementary 
m ibited strong spatial structure across 
B  to as edf = 42.86 to 94.67, p -value < 

0 d species identity explained substan- 
t .33 to 50.11, p -value < 0.001). 

3
A g evidence of a positive relationship 

w te = 22.12, adjusted R2 = 0.53). Polli- 
n enically modified areas than in fully 
n atic variation and species-level dif- 
f n of pollinator activity (edf = 12.29, 
p ). The full regional-level onset model 
e  than the null model without GHMI 
(

ls, 10 species (19.23%) had a signifi- 
c re 4 ). Four Lepidoptera species, one 
H yed onset of activity in more anthro- 
p sted R2 = 0.16 to 0.88, deviance ex- 
p noptera species and one Lepidoptera 
s ified areas (GHMI estimate = –74.76 
t .46; table 2 ). When we compared the 
m cant species-specific models, GHMI 
m r one Hymenoptera species and one 
C ge sample size (number of grid cells 
w ed a significant relationship between 

Downloaded from ro
by University of Flor
on 21 September 20
oleoptera (supplementary material, fig. S8). The greatest numbe
he year (July, August and September). There were 756 grids that 
 figure 1 ). The GHMI values in the dataset used for analysis ranged 

.d. = 0.2025). Mean daily temperatures ranged from 6.98 to 18.2
is (mean = 13.57◦C, s.d. = 2.64◦C) and mean daily precipitation 
 3.76 mm, s.d. = 0.57 mm). Anthropogenic modification significa
pecies ( table 2 ) . Model results for all species in the dataset can be fo
aterial. Pollinator onset, offset and total duration of activity exh
ioregion NA24 (estimated degrees of freedom, henceforth referred
.001) , consistent with broad geographic gradients in phenology, an
ial additional variation in onset, offset and total duration (edf = 49

.1. Onset 
t the regional scale (regional-level models), GHMI showed stron
ith the onset of pollinator activity ( p -value < 0.001, GHMI estima
ator activity began approximately 22 days later in more anthropog
atural areas, on average, after accounting for geographic and clim
erences. Temperature had a significant nonlinear effect on duratio
 -value < 0.001), but precipitation did not (edf = 1.01, p -value = 0.910
xplained 55.4% of the deviance in the onset and performed better
 ΔAIC = 0). 

Of the 52 pollinator species used in the species-specific mode
ant relationship ( p -value < 0.05) between onset and GHMI ( figu
ymenoptera species and one Coleoptera species exhibited a dela
ogenically modified areas (GHMI estimate = 32.76 to 58.97, adju
lained = 0.22 to 0.95; table 2 ). Alternatively, the onset of three Hyme
pecies was shown to begin earlier in more anthropogenically mod
o –41.15, adjusted R2 = 0.11 to 0.40, deviance explained = 0.15 to 0
odel with GHMI as a predictor with the null model for the signifi
odels were the strongest supported models ( ΔAIC = 0), except fo
oleoptera species ( ΔAIC = 0.03 and 19.67, respectively). The avera
ith phenology estimates) for the species-specific models that show
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260267/​6164619/​rsos.​260267.​pdf
ida user
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Table 2. GAM outputs for species that have a significant relationship ( p < 0.05) between GHMI and onset, offset or duration of ac- 
tivity period. For each species, we used phenology as a response variable and geographic location (latitude and longitude) as a two- 
dimensional thin plate spline. All models were run separately with onset, offset and duration as the response variables. Each model was 
compared to a null model, which did not include GHMI as a predictor variable. We present the species; number of grid cells with phe- 
nological estimates (sample size); model estimate (days per unit increase in GHMI), standard error (SE), t value and p -value of activity 
compared to anthropogenic change (GHMI); and adjusted R2 , deviance explained and delta AIC. 

onset 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GHMI model parameters 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

species order 
sample 
size estimate SE 

t 
value 

p - 
value 

adjusted 
R2 

deviance 
explained ΔAIC 

Papilio glaucus Lepidoptera 386 32 .76 10 .57 3 .10 0 .002 0 .21 0 .23 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Xylocopa 
virginica 

Hymenoptera 222 –74 .76 21 .01 –3 .56 < 0 .001 0 .11 0 .15 0 .03 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Danaus 
plexippus 

Lepidoptera 214 47 .09 13 .47 3 .50 < 0 .001 0 .16 0 .22 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Apis mellifera Hymenoptera 182 –55 .18 21 .96 –2 .51 0 .013 0 .39 0 .44 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Battus philenor Lepidoptera 98 54 .97 17 .90 3 .07 0 .003 0 .26 0 .34 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hylephila 
phyleus 

Lepidoptera 67 –52 .01 22 .73 –2 .29 0 .026 0 .40 0 .46 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus 
griseocollis 

Hymenoptera 64 –41 .15 16 .42 –2 .51 0 .015 0 .40 0 .46 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Papilio troilus Lepidoptera 57 54 .48 20 .11 2 .71 0 .009 0 .30 0 .38 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus 
pensylvanicus 

Hymenoptera 39 58 .97 23 .82 2 .48 0 .020 0 .58 0 .71 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chauliognathus 
marginatus 

Coleoptera 20 36 .60 13 .81 2 .65 0 .028 0 .88 0 .95 19 .67 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Offset 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Papilio glaucus Lepidoptera 386 23 .49 5 .16 4 .55 < 0 .001 0 .14 0 .15 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus 
impatiens 

Hymenoptera 304 20 .87 8 .05 2 .59 0 .010 0 .13 0 .14 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Danaus 
plexippus 

Lepidoptera 214 27 .32 6 .96 3 .92 < 0 .001 0 .46 0 .48 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Epargyreus 
clarus 

Lepidoptera 137 22 .80 8 .83 2 .58 0 .011 0 .17 0 .22 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Battus philenor Lepidoptera 98 65 .01 12 .01 5 .41 < 0 .001 0 .32 0 .35 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Phyciodes 
tharos 

Lepidoptera 94 34 .03 16 .45 2 .07 0 .041 0 .08 0 .14 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

( Continued. ) 
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Table 2. ( Continued. ) 

offset 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GHMI model parameters 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

species order 
sample 
size estimate SE 

t 
value 

p - 
value 

adjusted 
R2 

deviance 
explained ΔAIC 

Hylephila 
phyleus 

Lepidoptera 67 –45 .42 15 .03 –3 .02 0 .004 0 .12 0 .19 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pieris rapae Lepidoptera 66 43 .96 18 .23 2 .41 0 .019 0 .05 0 .13 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pyrrharctia 
isabella 

Lepidoptera 60 73 .45 31 .82 2 .31 0 .025 0 .06 0 .14 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scopula 
limboundata 

Lepidoptera 39 66 .58 22 .98 2 .90 0 .007 0 .43 0 .59 0 .56 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pleuroprucha 
insulsaria 

Lepidoptera 29 –89 .52 42 .69 –2 .10 0 .050 0 .59 0 .72 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Marimatha 
nigrofimbria 

Lepidoptera 20 61 .33 26 .23 2 .34 0 .035 0 .11 0 .34 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Duration 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bombus 
impatiens 

Hymenoptera 304 30 .43 13 .60 2 .24 0 .026 0 .10 0 .13 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Xylocopa 
virginica 

Hymenoptera 222 64 .66 20 .14 3 .21 0 .002 0 .29 0 .34 0 .00 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Apis mellifera Hymenoptera 182 55 .11 26 .84 2 .05 0 .042 0 .30 0 .35 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Papilio troilus Lepidoptera 57 –61 .14 23 .58 –2 .59 0 .012 0 .20 0 .28 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abaeis nicippe Lepidoptera 31 –81 .31 30 .83 –2 .64 0 .016 0 .59 0 .73 0 .00 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chauliognathus 
marginatus 

Coleoptera 20 –51 .79 16 .06 –3 .23 0 .011 0 .77 0 .89 53 .24 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

G ut this significant relationship (mean 
= ll sample sizes. 

3
T a positive relationship with the offset 
o timate = 21.031, adjusted R2 = 0.54). 
O enically modified areas compared to 
f ecies-specific variation. The regional- 
l ipitation had a significant nonlinear 
e 0.261, respectively). The full regional- 
l erformed better than the null model 
w

Downloaded from ro
by University of Flor
on 21 September 20
HMI and onset (mean = 135.0) was higher than the models witho
 49.0), indicating that some relationships may be obscured by sma

.2. Offset 
he regional-level models showed strong evidence that GHMI has 
f pollinator activity at a regional scale ( p -value < 0.001, GHMI es
ffset of activity is approximately 21 days later in fully anthropog
ully natural areas after accounting for geographic, climatic and sp
evel models showed no evidence that either temperature or prec
ffect on offset of activity (edf = 2.015 and 1.00, p -value = 0.567 and 

evel offset model explained 55.5% of the deviance in offset and p
ithout GHMI ( ΔAIC = 0). 
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Figure 4. Observed and predicted onset values across the GHMI gradient for the 10 species whose species-specific GAMs indicated 
significant effects of anthropogenic change. Points indicate observed onset estimates, while red lines represent generalized additive 
model-predicted relationships. Onset estimates were computed with the phenesse package in R ([40 ]; R version 2024.09.1). 

cies (23.08%) had a significant rela- 
t . S9). Nine Lepidoptera species and 

o n more anthropogenically modified 

a , deviance explained = 0.13 to 0.59; 
t ity in more anthropogenically modi- 
fi , deviance explained = 0.19 and 0.72, 
r pecific models with the null models 
(  were more strongly supported than 
t ra species ( ΔAIC = 0.56). The aver- 
a ant relationship between GHMI and 

o the models that were not significant 
(
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Of the 52 species used in the species-specific models, 12 spe
ionship between offset and GHMI (supplementary material, fig
ne Hymenoptera species exhibited a delayed offset of activity i
reas (GHMI estimate = 20.87 to 73.45, adjusted R2 = 0.05 to 0.46
able 2 ). Two Lepidoptera species exhibited an earlier offset of activ
ed areas (estimate = –45.42 and –89.52, adjusted R2 = 0.12 and 0.59
espectively; table 2 ). When we compared the significant species-s
which did not include GHMI as a predictor), most GHMI models
he null models ( ΔAIC = 0), with the exception of one Lepidopte
ge sample size for the species-specific models that had a signific
ffset (mean = 126.0) was higher than the average sample size of 
mean = 47.4). 
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3
R itive relationship with the total dura- 
t djusted R2 = 0.46). Eastern pollinator 
a thropogenically modified areas com- 
p  after accounting for geographic and 

c a significant nonlinear effect on du- 
r ipitation did not (edf = 1.01, p -value 
= .7% of the deviance in total duration, 
d HMI ( ΔAIC = 0). 

 of species in the dataset) showed a 
s ctivity (supplementary material, fig. 
S vity in more anthropogenically mod- 
i 30, deviance explained = 0.13 to 0.35; 
t  a shorter duration of the activity in 
m to –51.79, adjusted R2 = 0.20 to 0.77, 
d t species-specific models were more 
s 0), except for one Coleoptera species 
( odels that showed a significant rela- 
t an = 136.0) than the average sample 
s

ant change in more than one phenol- 
o Lepidoptera species exhibited a shift 
i ne Coleoptera species and one Lepi- 
d tivity; one Hymenoptera species and 

o of activity ( table 2 ). 

4
W ly modified areas start and end later 
i is key finding suggests that pollina- 
t  activity to later in the year in areas 
o l, the onset of pollinator activity be- 
g odified environments, with activity 
s uration of pollinator activity showed 

w ollinators do not uniformly shift the 
d ugh this pattern was shown at a re- 
g ns, which dominate the dataset ( N = 

3 h the duration and onset, but not the 
o erature change largely contributes to 
s areas, while other anthropogenic fac- 
t  are consistent with previous studies 
s igher temperatures, highlighting the 
i 27 ,28 ,52 ]. 

te warming, which often report ad- 
v xa such as butterflies [53 ] and early- 
s ccelerated degree-day accumulation, 
r lds under regional or global climate 
c e climate warming and interacts with 
o r example, a study of Ohio butterflies 
s ure of warming and also advanced in 
u h the urban warming associated with 
a , it may shape pollinator phenology 
t

 across an anthropogenic gradient 
p iated mechanisms associated with 
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.3. Total duration 
egional-level models exhibited no evidence that GHMI had a pos
ion of pollinator activity ( p -value = 0.863, GHMI estimate = 1.045, a
ctivity periods were less than one day longer on average in fully an
ared to fully natural areas, although this effect was not significant
limatic variation and species-level differences. Temperature had 

ation of pollinator activity (edf = 8.759, p -value < 0.001), but prec
 0.771). The full regional-level duration model, which explained 47
id not perform substantially better than the null model without G
Six of the 52 species used in the species-specific models (11.54%

ignificant relationship between GHMI and the total duration of a
10). Three Hymenoptera species showed a longer duration of acti
fied areas (GHMI estimate = 30.43 to 64.66, adjusted R2 = 0.10 to 0.
able 2 ). Two Lepidoptera species and one Coleoptera species had
ore anthropogenically modified areas (GHMI estimate = –81.31 
eviance explained = 0.28 to 0.89; table 2 ). Most of the significan
trongly supported than the null models with no GHMI ( ΔAIC = 

 ΔAIC = 53.24). The average sample size for the species-specific m
ionship between GHMI and duration of activity was higher (me
ize of models that did not show significance (mean = 56.3). 
Across all species-specific models, 10 species exhibited a signific

gy estimate across a range of anthropogenic modifications. Four 
n both the onset and offset of activity. Two Hymenoptera species, o
optera species exhibited shifts in both the onset and duration of ac
ne Lepidoptera species showed shifts in both offset and duration 

. Discussion 

e found that pollinator activity periods in more anthropogenical
n the year than those in less anthropogenically modified areas. Th
ors as a group have shifted but not lengthened their window of
f high human modification in the eastern USA. At a regional leve
an approximately an average of 22 days later in the most human-m
easons ending an average of 21 days later. By contrast, the total d
eaker and more variable responses across taxa, indicating that p
uration of activity in highly human-modified landscapes. Altho
ional level for pollinators as a group, it was driven by Lepidoptera
6). Temperature also exhibited a strong nonlinear relationship wit
ffset, of regional-level pollinator activity. This suggests that temp
hifts in the onset of pollinator activity in highly human-modified 

ors are driving shifts in the offset of activity. Together, these results
howing delayed pollinator seasons in urban environments with h
nfluence of anthropogenic modification on pollinator phenology [

This pattern contrasts with many studies of broad-scale clima
ances in the onset of insect activity, particularly in spring-active ta
eason bees [54 ]. These earlier onsets are typically attributed to a
educed winter severity and earlier attainment of thermal thresho
hange [55 ,56 ]. However, urban warming is distinct from broad-scal
ther anthropogenic factors to compound impacts on phenology. Fo
howed that the onset of butterfly activity advanced under the press
rban areas, but was delayed in warm urban areas [52 ]. So, althoug
nthropogenic modification may seem to mirror climate warming
hrough distinct seasonal pathways. 

The delayed offset and shifts in pollinator activity observed
robably reflect a combination of thermal and resource-med
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h sland (UHI) could be a factor driving 
t ding rural areas and prolongs condi- 
t ming also reshapes floral phenology, 
a ds in cities, particularly late-season 
b n addition to thermal effects, human 
p ral resources. Together, the UHI and 

h ce windows that pollinators may be 
m arly-season pollinators in the eastern 
U ological communities in areas of high 
h gests that urbanization (as measured 

b nowledge that these mechanisms are 
s  plant phenology. Future work inte- 
g data (e.g. [64 –66 ]) will be critical for 
d

ant regional signal, our species-level 
a ond to anthropogenic modification. 
W  in areas of high anthropogenic mod- 
i . Some species did change the length 
o he dataset that we used was heavily 
d tera and Diptera ( N = 36, 9, 5 and 2 
s els that showed phenology to be sig- 
n terans showed shorter and/or later 
s rter seasons and the one Coleopteran 
s se general trends, there was species- 
s  species-specific responses probably 
r ry widely among pollinators, includ- 
i cues [68 ], voltinism [69 ] and thermal 
t e to exploit extended warm seasons, 
w trained in their seasonal timing [71 ]. 
S ore able to advance their seasonal on- 
s  temperatures to initiate activity may 
d emperature [72 ], may have a strong 
i tures in high-altitude forests, for ex- 
a ergence of bumblebee queens [62 ,73 ]. 
T  cause earlier spring-time emergence 
o odels could help explain why some 
s while others shorten or shift seasons. 

effect of anthropogenic modification 
o his dataset is taxonomically, tempo- 
r ur sample, and iNaturalist data have 
a  addition, iNaturalist data are more 
c rial, fig. S8). The nature of the spatial 
a e spatial grain for estimating human 
i ift. These analyses may have missed 

fi spatially heterogeneous cities, for ex- 
a tors [75 ,76 ], suggesting that combin- 
i ses may help uncover a mechanistic 
u henology in this region is necessary 
t egetation and to determine whether 
p

 in areas of high human modification 
h  stronger influence on the beginning 
t cation. Rather than a uniform shift 
a ng that trait-mediated responses and 

p ond to human-modified landscapes. 
A enological mismatches and commu- 
n
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uman-modified environments. We speculate that the urban heat i
his pattern, as it elevates temperatures by 5–15◦C relative to surroun
ions suitable for insect activity late into the year [57 ,58 ]. Urban war
s some angiosperms exhibit extended or delayed blooming perio
loomers who experience extended flowering seasons [20 ,59 ,60 ]. I
lanting preferences further modify the seasonal availability of flo
uman-driven vegetation changes could be creating altered resour
atching. This pattern could indicate a phenological mismatch of e
SA, which could alter the community structure and function of ec
uman modification [61 –63 ]. While our supplementary analysis sug
y population density) produces similar patterns to GHMI, we ack
peculative, as our study does not directly quantify UHI effects or
rating climatic, vegetation phenological changes and pollinator 
isentangling the relative contributions of these processes. 
Although a delayed but not lengthened season was the domin

nalyses revealed differential responses in how pollinators resp
hile some pollinator species started and ended their seasons later

fication, others experienced an earlier start and end to their activity
f their seasons. This variation was not consistent among orders. T
ominated by Lepidopterans compared to Hymenoptera, Coleop
pecies, respectively; supplementary material, fig. S8). Of the mod
ificantly predicted by anthropogenic modification, most Lepidop
easons, most Hymenopterans showed delayed onsets and/or sho
pecies showed a shorter season with a delayed offset. Despite the
pecific variation in phenological responses within orders. These
eflect differences in temperature-sensitive life-history traits that va
ng overwintering stage (discussed in [67 ]), flexibility in diapause 
olerance [70 ]. For example, multivoltine species may be better abl
hereas univoltine species with fixed diapause cues may be cons
imilarly, perhaps pollinators with higher thermal tolerances are m
et in warm early-season UHIs, whereas species that require lower
elay the onset of activity. Urban warming, which increases soil t
mpact on pollinators that overwinter underground. Soil tempera
mple, buffer the impact of warmer spring temperatures on the em
he increased soil temperature in UHIs may remove this buffer and
f bumblebee queens. Incorporating life-history traits into future m
pecies lengthen their activity seasons at the early versus late ends, 
The use of citizen science data allowed us to study the broad 

n pollinators at large regional and taxonomic scales. However, t
ally and spatially biased. Lepidoptera were over-represented in o
 strong May–September bias in the northern hemisphere [74 ]. In
ommon in anthropogenically modified areas (supplementary mate
rrangement of observations meant that we needed to take a coars
mpact to have sufficient observations to measure phenological sh
ner spatial scale shifts in favour of uncovering broad patterns. In 
mple, areas of low human modification serve as refugia for pollina
ng our macroecological responses with fine-scale micro-scale analy
nderstanding. In addition, a comparison of plant and pollinator p
o ascertain whether pollinator phenology shifts are driven by v
henological mismatches are occurring. 
Overall, we found that in the eastern USA, pollinators as a group

ave later but not extended seasons. Importantly, temperature has a
han the end of pollinator seasons in areas of high human modifi
cross taxa, phenological responses varied among species, indicati
lant-pollinator relationships probably shape how pollinators resp
ccounting for this heterogeneity will be essential for predicting ph

ity reorganization as anthropogenic modification continues to expand. 
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