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ABSTRACT KEYWORDS
Extending historical records into the present offers a powerful Big data; data synthesis;
opportunity to examine how bird phenology is shifting in global warming; migration;
response to warming temperatures and whether those responses phenology; volunteer
are consistent over time. In Concord, Massachusetts (USA), PALABRAS CLAVE

a uniquely rich record of bird migration phenology dates back Calentamiento global;
to the mid-19th century, beginning with observations made by fenologia; sintesis de datos;
the American philosopher Henry David Thoreau (1851-1854), and migracion; voluntarios
continuing with well-known ornithologists William Brewster (-

1886-1919) and Ludlow Griscom (1930-1954), and schoolteacher

Rosita Corey (1956-2007). A previous analysis of these records

had shown that on average migratory birds were not changing

their arrival times over this 156 year period, contrasting with

rapid changes in plant phenology. To extend these bird arrival

records and assess recent changes, we combined historical obser-

vations of first arrival dates for 18 bird species with observations

submitted to the online platform eBird between 2013-2024in

Concord, Massachusetts. Using a subset of eBird data to approx-

imate historical sampling effort, we found that, on average, birds

are arriving about 7 days earlier now than in the past, reflecting

a stronger response to warming temperatures and shifts in the

phenology of more species than observed in our previous study.

The rate of change in bird phenology appears to be catching up

to changes in plant leaf-out and flowering phenology observed

in Concord (~10-14 days earlier now than in Thoreau’s time). This

study shows that the rate of phenological response to climate

change can vary over time and demonstrates methods for com-

bining historical data with modern citizen science data to assess

these changes and their potential ecological impacts.
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Integrando registros histéricos y datos de ciencia
ciudadana para entender la respuesta de las aves al
cambio climatico en Concord, Massachusetts: de
Thoreau a eBird

RESUMEN

Extender los registros histéricos hasta el presente ofrece una oportu-
nidad poderosa para examinar como la fenologia de las aves esta
cambiando en respuesta a temperaturas mas calidas y si esas respues-
tas son consistentes a lo largo del tiempo. En Concord, Massachusetts
(EE.UU.), existe un récord especialmente rico de datos de fenologia de
la migracién que inicié desde mediados del siglo XIX, comenzando con
las observaciones del filésofo norteamericano Henry David Thoreau
(1851-1854), continuando con los bien conocidos ornitélogos William
Brewster (1886-1919) y Ludlow Griscom (1930-1954), y la maestra
escolar Rosita Corey (1956-2007). Un andlisis previo de estos registros
mostré que en promedio las aves migratorias no estaban cambiando
sus fechas de arribo a lo largo de este periodo de 156 afos, en
contraste con los rapidos cambios en la fenologia de las plantas.
Para extender estos registros de arribos de aves, combinamos obser-
vaciones histéricas para 18 especies de aves con observaciones envia-
das a la plataforma en linea eBird entre 2013-2024 en Concord,
Massachusetts. Usando un subconjunto de los datos de eBird para
aproximar el esfuerzo histérico de muestreo, encontramos que, en
promedio, las aves estan llegando unos 7 dias mas temprano que en
el pasado, reflejando una respuesta mas fuerte a temperaturas mas
calidas y cambios en la fenologia de mas especies que lo observado en
nuestro estudio previo. La tasa de cambio en la fenologia de las aves
parece estar alineandose a cambios en la fecha en que emergen las
hojas de los arboles y la fenologia de la floracién en Concord
(~10-14 dias mas temprano que en los tiempos de Thoreau). Este
estudio muestra que la tasa de respuesta fenoldgica al cambio
climdtico puede variar a lo largo del tiempo y demuestra
los métodos para combinar datos histéricos con ciencia ciudadana
moderna para determinar dichos cambios y sus impactos ecoldgicos
potenciales.

One of the most effective ways to investigate long-term effects of climate change on plant
and animal species is the use of historical records to determine how species are responding
to varied temperatures over long time periods (Primack and Miller-Rushing 2012; Vitasse
et al. 2022). Every year, an increased number of these records are discovered, analyzed, and
made available online, providing insights into long-term changes for a wide variety of
species (Willis et al. 2017; Meineke et al. 2018; Primack RB, Miller TK, et al. 2023).
Historical records can be made more valuable when extended into the present-day with
modern observations to produce longer time series (Tingley and Beissinger 2009; Primack
and Miller-Rushing 2012; Miller et al. 2019). Long-term phenology data can then allow
researchers to test if recent responses to climate change differ from those in the past,
whether because the responses are nonlinear, because of interactions between factors that
can influence phenology (e.g., temperature, precipitation, land use, nutrient pollution,
ecological interactions), or because of evolutionary responses (Moritz et al. 2008; Tingley
et al. 2009; Jochner et al. 2016; Wolkovich et al. 2017).
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To combine new data with older data there are two main options. First, research-
ers can use information from old journals and protocols to design new studies that
replicate older methods, making it relatively easy to integrate old and new data
(Tingley and Beissinger 2009; Ellwood et al. 2013, 2022; Fidino et al. 2022).
Alternatively, researchers could use existing present-day observations to extend
historical datasets (Fuccillo Battle et al. 2022; Primack RB, Miller TK, et al. 2023).
Datasets collected by volunteers through platforms such as the USA National
Phenology Network’s Nature’s Notebook (Denny et al. 2014) and Cornell Lab of
Ornithology’s eBird (Sullivan et al. 2009) contain billions of phenology observations.
These records are increasingly used to advance phenological research, for instance
by estimating changes in migration phenology across species ranges and migration
pathways (Zaifman et al. 2017; Supp et al. 2021). On their own, these citizen science
datasets represent time-series on the order of just one or two decades, limiting the
ability to advance understanding of how phenology is changing over longer time
periods.

Because of their broad geographic and taxonomic extents, large citizen science projects
like Nature’s Notebook and eBird often overlap in location and species with local historical
datasets, creating opportunities to combine historical and new observations to generate
ongoing long-term datasets. Many protected areas and research sites, in particular, have
historical datasets and currently use the methodologies of Nature’s Notebook, eBird, and
other similar programs to monitor phenology (Crimmins et al. 2022). Techniques to
combine historical and new data could improve our understanding of responses to climate
change in these key locations around the world (Tingley and Beissinger 2009; Primack and
Miller-Rushing 2012; Miller et al. 2019).

Differences in the number of observers, sampling days, and area sampled represented in
old and new data, however, can make it difficult to combine data (Miller-Rushing AJ,
Primack RB, et al. 2008; Primack RB, Gallinat AS, et al. 2023). The difference in sampling
effort is particularly large when the new data are from broad-scale citizen science datasets,
which engage many observers, contrasting with historical datasets which usually include
observations from one or a few observers. Researchers combining historical data with
modern citizen science data must account for differences in effort.

In this study, we compared recent eBird observations to historical migratory bird
arrival data from Concord, Massachusetts. Concord has one of the oldest and most
detailed phenological records in North America, started by the famous environmental
philosopher, Henry David Thoreau and continued by later observers. The town also has
a large modern community of eBird observers. A previous study (Ellwood et al. 2010)
analyzed observations from 1851-2007 and found that, on average, birds did not change
their arrival times over the study period, despite significant warming in the region over
that time. The lack of change in arrival dates suggested the possibility of mismatches
with leaf-out and flowering phenology of plants, which are important for habitat and
food resources during breeding seasons. Plant phenology is changing relatively rapidly in
Concord: on average leaf-out is occurring 14 days earlier now than in Thoreau’s time,
and flowering is occurring 10 days earlier (Ellwood et al. 2013; Polgar et al. 2014). With
new data from eBird, we investigate whether this lack of change in bird phenology has
continued since the previous study or if bird arrival dates are beginning to shift as
temperatures continue to warm in recent years.
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Methods
Concord, Massachusetts, USA

Concord is a town located 30 km northwest of Boston covering a 64 km” total area, with
protected areas covering approximately 40% of that area (Ellwood et al. 2010, 2022). The
climate is temperate, and the landscape has rivers, lakes and other wetlands, forests, and
fields. During Thoreau’s time (1850s), Concord was primarily agricultural with forests
covering 10% of the area; now, Concord is mainly suburban with forests covering around
50% of the landscape (Primack et al. 2009). Correspondingly, the area of fields and grass-
lands has substantially declined from 50% of Concord’s landscape in the 1850s to around
4% now (Primack et al. 2009; Ellwood et al. 2010). At the same time as these changes in
Concord, land use has changed dramatically along the entire east coast of North America
and on the non-breeding grounds of Neotropical migrants. These land use changes have
resulted in a substantial loss of habitat that has impacted the abundance of bird species. We
have addressed this as best we could in this study by investigating changes in the phenology
of abundant species, none of which are grassland species that have experienced large habitat
losses in Concord.

Temperature records

Following Ellwood et al. (2010), we used temperature records extending back to 1851 from
Blue Hill Meteorological Observatory in East Milton, Massachusetts, located 33 km south-
east of Concord. This allowed us to maximize the historical coverage, as temperatures at
Blue Hill are strongly correlated with those in Concord (Miller-Rushing and Primack 2008).
Average monthly air temperature data for January, February, March, and April were
available from 1851-2024. These local average temperatures from Blue Hill are also highly
correlated with regional temperature along the east coast of North America as far south as
Wilmington, North Carolina (Miller-Rushing AJ, Lloyd-Evans TL, et al. 2008).

Bird arrival records

Records of spring first arrival dates of migratory birds in Concord from 1851-2007 are
described in detail by Ellwood et al. (2010) and more recently by Ellwood et al. (2022);
all historical observations are made available in Ellwood et al. (2022). In Ellwood et al.
(2010), species were included if they had at least 22years of first arrival dates,
resulting in the inclusion of 22 migratory passerine bird species. This collection of
records includes five separate sets of observations recorded by Henry David Thoreau
(1851-1854), well-known ornithologists William Brewster (1886 and 1900-1919) and
Ludlow Griscom (1930-1931 and 1933-1954), and schoolteacher Rosita Corey (1956-
-1973 and 1988-2007). While Thoreau’s and Corey’s records reflect individual obser-
vers, who perhaps communicated with fellow observers, Brewster’s and Griscom’s
records likely represent a small community of observers in Concord (Griscom 2013,
2014). For the most part, the location information accompanying these observations
indicated they were made in Concord but did not include more specific details about
exactly where within the town each observation was made. Over the past few years, we
searched for individuals in Concord and surrounding towns who might be making
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observations of the first arrival dates of migratory birds in a way that is similar to
Thoreau, Brewster, Griscom, and Corey, but we were unable to locate such
individuals.

Modern day records from eBird

To compare the historical records with more recent observations, we accessed observations
collected by volunteers through eBird (http://www.ebird.org). Volunteer observations come
primarily from experienced birders (Rosenblatt et al. 2022) and are thoroughly vetted for
quality before being included in the eBird database (Sullivan et al. 2009, 2014; Gilfedder
et al. 2019). We downloaded all observations from within the geographic bounds of
Concord, Massachusetts, for the years 2013-2024 for the 22 species in Ellwood et al.
(2010). We used both complete and incomplete eBird checklists to approximate historical
reporting practices, focusing on first seasonal detections that depend only on presence
records.

To omit extremely early observations, such as rare individuals that may have over-
wintered and do not represent the migratory behavior of the species, we excluded all
observations before 15 March (and for Eastern Phoebes Sayornis phoebe, before 1 March,
based on their relatively early first arrival dates). There were few such observations (146/
108,738 observations, less than 0.2%, which involved only seven species). In the historical
datasets, there were no such extremely early individuals recorded. We then limited our focal
species to those common species with at least 50 observations recorded in each year in order
to avoid sampling bias associated with rare and declining species (Miller-Rushing AJ, Lloyd-
Evans TL, et al. 2008). This resulted in the removal of Bank Swallows (Riparia riparia),
Brown Thrashers (Toxostoma rufum), Bobolinks (Dolichonyx oryzivorus), and Indigo
Buntings (Passerina cyanea).

Finally, we removed any records occurring past 15 June (the end of the spring season),
resulting in a total of 58,977 observations, submitted in 11,479 checklists, from 1,323
observers, for 18 species (Table 1). These observations are distributed throughout
Concord and include the most heavily and consistently birded sites in the area, such as
Great Meadows National Wildlife Refuge, Walden Pond, and Concord Town Center
(Fig. 1). Although we have information on the locations of the modern observations in
Concord, we lack this information for the historical observations and, therefore, were
unable to make detailed spatiotemporal comparisons between modern and historical
observers.

Increased effort resulting from a larger number of observers in the eBird data, compared
to single-observer and small-group historical data, required careful consideration of how
effort might impact our detection of first arrival dates. We first confirmed that increasing
the number of observers leads to earlier detection in the Concord eBird data (Supplemental
Fig. S1). This relationship highlights the necessity to consider sampling effort to estimate
arrival dates from the eBird records that are most comparable to the effort reflected in the
historical data. The observations of Thoreau, Brewster, Griscom, and Corey were made
deliberately to detect the first arrival dates of migratory bird species. However, an inspection
of eBird records and communication with local birders made it clear that frequent eBird
observers were not solely or deliberately targeting first arrival dates; rather, observers were
going out singly and in groups throughout the spring and most were recording every bird
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Figure 1. Methods and locations of bird observations in Concord, Massachusetts. (a) The journal of
William Brewster, 1871-1919, featuring first bird arrival dates for Concord from 1886-1919 used in this
study; images courtesy of the Biodiversity heritage library (www.biodiversitylibrary.org.). (b) a group of
eBird observers at Great Meadows National Wildlife Refuge (NWR) in 2023. (c) Locations and counts of
eBird observations across Concord from 2013-2024 (n = 58,977). Observation counts reflect single bird
observations of the eighteen target species, during the spring migration season (see Methods section).

they detected and submitting the list of observations to eBird each day that they made
observations.

Considering this difference in methodology, we used the earliest detection date for each
of 18 bird species for each year using the five most active eBird observers in a particular year,
that is, the five observers with the most checklists in a particular year. This subsampling of
the eBird data reasonably mirrored the sampling effort of historical observers. For example,
the historical observations and the five most active eBirders in any 1 year involved small
groups of people detecting first arrivals in Concord. In contrast, using all eBird observers
would not be comparable to the historical observers because the sampling intensity in any 1
year would be far greater than in the historical data set in terms of both numbers of people
looking for birds and the amount of area covered. We compare three different methods for
subsampling eBird observations in the Supplemental Materials (Tables S1-S2 and Figs.
$2-S6).

We also considered other methods to calculate and estimate first arrival dates, but
most did not adequately address changes in sampling effort between historical
observers and eBird data. For example, we used a smoothing/estimating tool that
uses presence-only data to calculate when the first 5% of birds had been observed for
each species in each year (Belitz et al. 2020) and found that it provides strongly
correlated values (r=0.89, df =154, P<0.001) to the first observation dates by the
top five observers, but fails to address our concern of combining data sets with
differences in effort. For the remainder of this article, we refer to the earliest
detection of a bird species by the top five eBird observers in any year as the eBird
data.
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Statistical analyses

All statistical analyses and figures were performed using R version 4.2.1 (R Core Team
2021). To assess changes in migratory bird arrivals over time and across observers, we
compared eBird records to the historical first arrival dates. We divided Corey’s observations
into “Corey early” (1956-1973) and “Corey late” (1988-2007). We chose this separation
because temperatures began warming considerably faster after 1980 compared to prior to
1980 (IPCC 2007; Supplemental Fig. S7), and because there was a 15 year gap between the
two time periods. This division of Corey’s observations also follows the methods used by
Ellwood et al. (2010). Thus, when we compared all observers separately, we compared six
“observers” or datasets: Thoreau, Brewster, Griscom, Corey early, Corey late, and eBird.

To compare sampling methods and effort among these observers, we first compared the
number of first observation dates and number of species observed in each year. Observers or
datasets missing first arrival dates for some species in some years were presumed to reflect
lower effort. Second, we tested each of the six observers or datasets for tendencies to record
first arrival dates more on weekends compared to weekdays (using chi-squared analysis),
a known bias in some citizen science data (Courter et al. 2013) that could reflect the
frequency of observation and influence the timing of detection.

Among the historical observers, not all species were observed in all years; thus, for the
community-level analysis, we first transformed all species-level data points to reflect
anomalies relative to the mean arrival date across all species and years, as described in
Ellwood et al. (2010). This involved subtracting the mean first arrival date for each species
from the mean first arrival date across all species (with bird data combined from
1851-2024), then adding the resulting species-level anomaly value to each annual first
arrival date for the species. This transformation resulted in later arrival dates for earlier-
arriving species and earlier arrival dates for later-arriving species, and removed the com-
munity-level statistical impact of a single species being absent in any particular year. We
used the transformed dates in all further analysis involving the average values of all species
combined. An extended rationale and explanation for this approach is given in Ellwood
et al. (2010).

To test apparent changes in arrival dates over time, we divided the data into three groups
reflecting three broader periods of environmental change: (1) Thoreau, Brewster, Griscom,
and Corey early (1851-1973), (2) Corey late (1988-2007), and (3) eBird (2013-2024). For
the community-level arrival dates as well as for each species individually, we used analysis of
variance (ANOVA) to determine if the three groups were significantly different from one
another.

To determine if and how arrival dates have shifted with temperature, in a way compar-
able to Ellwood et al. (2010), we fit a linear regression with mean spring (March—April)
temperature as the predictor variable and community-level annual mean first arrival dates
as the response variable, for the eBird dataset. To support this analysis, we also used a linear
mixed effect model to estimate the effect of mean spring (March—April) temperature on
annual first arrival dates with species as a random effect, using the “Imer” function from the
Ime4 package (Bates et al. 2015) and “ANOVA” from the car package (Fox and Weisberg
2011). We then conducted linear regression analyses for each individual species, using the
mean temperature in the 2 months prior to each species’ average arrival date to incorporate
the temperatures most likely to impact their migration (Table 1). Given the inflated
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likelihood of Type 1 error, we applied Bonferroni corrections to all species level analyses;
the baseline of P < 0.05 adjusted for n = 18 species resulted in a threshold of P < 0.0028 for
statistical significance.

Results
Comparing historical and eBird data for completeness and bias

The six sets of observations of first arrival dates in Concord (Thoreau, Brewster, Griscom, Corey
early, Corey late, and the eBird-derived dataset) varied in the mean number of the 18 bird
species seen per year. As expected, the eBird data were the most complete with individuals in the
top five observers of each year recording an average of 17 of the 18 species. In contrast, there
were only seven species per year seen in the Corey late dataset and nine in the Brewster dataset.
The lower number in the Corey late dataset reflects the fact that she sometimes visited other sites
in Massachusetts to record first arrival dates and did not record first arrivals in Concord if she
had seen them elsewhere. Thoreau, Griscom, and Corey early recorded intermediate numbers of
species on average per year (11, 10, and 13 species, respectively).

Across the Thoreau and Brewster datasets, there was a tendency for observers to monitor
fairly equally on weekdays (Monday-Friday) and weekend days (Saturday and Sunday)
(x> =1.884, df=1, P=0.170, and x*=0.558, df =1, P =0.455, respectively), while the
Griscom dataset showed a slight tendency toward greater sampling on weekdays
(x* = 5.248, df = 1, P = 0.022). In contrast, 65% of Corey’s early observations (1956-1973,
when she was working full-time) and 36% of her late observations were made on the
weekends, significantly different from the expected value of 29% (2/7) and expected
distribution (x* = 125.339, df = 1, P< 0.001; X* = 4.126, df = 1, P = 0.042, respectively). The
eBird dataset was also biased toward weekends, with 42% of observations from the top five
observers in each year collected during the weekend (x* = 18.150, df = 1, P < 0.001).

Changes over time

Using all six data sets, we found trends toward significantly earlier community-level
arrival dates over time (Fig. 2). The average first migration date for Thoreau through
Corey early was 4 May, and for Corey late was 2 May, while the earliest first detection
using the eBird data showed an average first arrival date of 25 April, more than 1 week
earlier than the historic average (ANOVA; F=39.40, df=91, P<0.001, Table 1).

Using the full range of data from Thoreau’s data to the eBird data, 15 species are arriving
significantly earlier (Table 1)—all but Eastern Phoebes, Red-eyed Vireos (Vireo olivaceus),
and Gray Catbirds (Dumetella carolinensis). These trends are driven primarily by earlier
first arrival dates in the eBird records.

Changes with temperature

Mean spring (March and April) temperatures in Concord during the time period of
this study (1851-2024) have warmed at an average rate of 0.02°C per year (r*=0.23,
df =91, P < 0.001; Supplemental Fig. S7). The combined historical observations of
annual first arrival dates from 1851-2007 (before the eBird extension) have
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Figure 2. Differences in the average annual first arrival dates across five historical data sets and eBird
data, for 18 migratory bird species. Arrival dates are expressed as anomaly values compared to the
historical average across all species in all years (2 May), and bars represents the mean value for each set of
observations across years.

a significant negative relationship with mean spring temperature; for every 1°C
increase in temperature, arrivals occur, on average, 0.77 days earlier (as reported in
Ellwood et al. 2010). When we include the eBird data using community-level first
arrival dates, this relationship holds, with first arrival dates occurring 1.4 days earlier
for each 1°C increase in temperature (slope= — 1.44 days/°C, r*=0.251, P<0.001;
Figure 3). A linear mixed effect model examining the response of species-level first
arrival dates to temperature with species as a random effect showed a similar result
(slope = —1.71 days/°C, P <0.001). This sensitivity to temperature is twice as strong
as the relationship detected using historical data alone.

Looking at responsiveness to temperature for the 18 species individually, conser-
vatively, seven species are shifting their first arrivals significantly earlier with warm-
ing temperatures, with these shifts varying from 1 to 2.7 days earlier for each 1°C
increase (Table 1). At a relaxed significance of P < 0.05, twelve species shifted earlier.
Species with the strongest responses to temperature include Yellow-rumped Warblers
(Setophaga coronata), Warbling Vireos (Vireo gilvus), and Chipping Sparrows
(Spizella passerina). None of the species arrived later with warming temperatures.

Discussion
Changes over time

Combining historical and modern data sets allows us to update our understanding of
changes in bird migrations in Concord, Massachusetts. The historical observations of first
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Figure 3. The relationship between mean spring (March—April) temperature and average annual first
arrival dates across 18 migratory bird species. Arrival dates are expressed as anomaly values compared to
the historical average across all species in all years (2 May). Arrival dates are advancing significantly with
mean spring temperatures at a rate of —1.4 days/°C (R* = 0.25, P < 0.001).

arrival dates of birds in Concord from 1851-2007 demonstrated that, on average, bird
arrival times were not changing over time. This finding created concerns about the potential
for ecological mismatches, because trees in Concord are leafing out 2 weeks earlier than in
Thoreau’s time, and wildflowers are flowering about 1 week earlier (Miller-Rushing and
Primack 2008; Polgar et al. 2014). These prior results suggested that birds might become
separated in time from their typical insect food resources, fail to adequately feed themselves
and their young, and face population decline (Renner and Zohner 2018; Youngflesh et al.
2023).

In the new results reported here, we see significant shifts in arrival times between the
historical records and more recent data collected by eBird observers. This compels us to
reevaluate the earlier findings reported by Ellwood et al. (2010), and suggests that on
average bird phenology is now changing over time at approximately the same rate as
wildflowers, though at a somewhat slower rate than trees.

The historical data alone show two out of 18 species arriving earlier—Warbling Vireos
and Yellow Warblers (Setophaga petechia)—and two species arriving later—Barn Swallows
(Hirundo rustica) and Ovenbirds (Seiurus aurocapilla). We note that in Ellwood et al.
(2010), which used a non-adjusted threshold of P < 0.05 for these same data, three species
shifted earlier and four shifted later. When adding more recent data, we find that, con-
servatively, 6 of 18 species, including Barn Swallows and Ovenbirds, are arriving earlier in
2013-2024 compared to the next most recent data set from Rosita Corey in 1988-2007.
Opverall, individual bird species are showing stronger changes toward earlier arrivals than
historical data alone had indicated.
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Changes with temperature

In addition, we now see stronger effects of temperature on bird arrival times. The
historical records alone show that birds arrive in Concord, on average, 0.77 days earlier
with every 1°C increase in temperature (Ellwood et al. 2010). This previous study
suggested that first bird arrivals were less sensitive to temperature than flowering (3.1
days/°C; Miller-Rushing and Primack 2008) and leafing out (5.0 days/°C; Polgar et al.
2014) in Concord, and butterfly flight times (5.5 days/°C; Polgar et al. 2013) in
Massachusetts more broadly. Our new analysis with eBird data now shows first bird
arrival dates occurring 1.4 days earlier for each 1°C increase in temperature. This new
value shows bird arrival times as being about twice as sensitive to temperature as had
been indicated by the previous study of historical data alone (Ellwood et al. 2010), but
still less sensitive to temperature than to the timing of wildflower flowering, tree leaf
out, and insect first flight.

The species showing significantly earlier arrival times with increasing temperature were
consistent when analyzing historical data alone (Ellwood et al. 2010) as well as when
considering more recent observations. Warbling Vireos, Yellow Warblers, Yellow-
rumped Warblers, Chipping Sparrows, Baltimore Orioles (Icterus galbula), and Rose-
breasted Grosbeaks (Pheucticus ludovicianus) are all arriving earlier in warmer years.

It is worth noting that among the species significantly advancing their arrivals with
warming temperatures, the three most sensitive species—Yellow-rumped Warblers, Pine
Warblers (Setophaga pinus), and Chipping Sparrows, with slopes ranging from —2.4 to -2.7
days/°C, migrate shorter distances between their non-breeding and breeding grounds
compared to less sensitive species like Baltimore Orioles (—1.0 days/°C). This is consistent
with previous findings from around the world demonstrating that short-distance migrants
are more responsive to temperature than long-distance migrants, which may be constrained
primarily by photoperiod (Gordo 2007; Miller-Rushing AJ, Lloyd-Evans TL, et al. 2008).
This may put long-distance migrants at greater risk of ecological mismatch. In fact, one
study using eBird data found that an extreme warming event in 2012 corresponded with
earlier sightings of short-distance migrants during the spring months, and fewer sightings
of long-distance migrants during the summer months (La Sorte et al. 2016).

Considering sampling effort when combining historical records and eBird data

As shown in our study, combining historical data sets with more recent phenological
observations can provide important ecological insights. However, if researchers fail to
account for sampling differences when combining data sets, they may get misleading
results. For example, without accounting for sampling and including all eBird observers
in all years, birds appear to be arriving 9 days earlier now than they did in the past,
suggesting that birds are responding strongly to increasing temperature associated with
climate change (Supplemental Table S1).

However, using just the earliest date of the top five eBird observers in each year—a
sampling effort analogous to historical observers and the one we used in this study—birds
appear to be arriving 7 days earlier than the historical data. This difference between the two
approaches reflects the power of sampling effects. If we assume that the high sampling
intensity of using all eBird observers results in observing the true first day of arrival of bird
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species in Concord, then the top five observers in any 1 year detect a species around 2.6 days
after it first appears in Concord.

Other researchers have developed methods that can help with differences in sampling
methods, depending on the specifics of the data sets and research questions involved. For
example, the R package phenesse uses Weibull-informed estimators to model the complete
distribution of phenological phases (e.g., flowering, leaf-out, and bird arrivals) when
provided presence-only data sets, which are common in historical and modern phenological
data (Belitz et al. 2020). Likewise, Youngflesh et al. (2021) developed a modeling pipeline
that accounts for varying effort and uncertainty in eBird data. These approaches generally
provide similar results to the approach that we used. For example, we found a strong
correlation between estimated onset dates and the earliest detections from our subsample of
the top five eBird observers (r=0.89, df =154, P <0.001) showing that the inter-species
differences are well-approximated. But such approaches do not directly address the chal-
lenge of reconciling differences in sampling effort and intensity between historical single-
observer datasets and modern multi-observer citizen science data. Our approach is meant to
provide a more conservative and interpretable estimate of first arrival dates while still
approximating results consistent with those from more complex modeling tools.

In addition to sampling intensity, changing population sizes can also influence the
timing of first observations of species over time (Miller-Rushing AJ, Lloyd-Evans TL, et
al. 2008; Stegman et al. 2017). Long-term population declines, such as the steep declines
observed in the Wood Thrush (Hylocichla mustelina; Sauer et al. 2013) due to a variety of
factors including habitat loss, pollution, and brood parasitism (Hoover et al. 1995; Hames
et al. 2002), can obscure the effects of climate change on the spring arrival times of birds. In
Ellwood et al. (2010)’s analysis of the historical records alone, in fact, the Wood Thrush was
reported as shifting its arrival later over time and with warming temperatures. As species
which take advantage of grasslands and open habitats, Eastern Kingbirds (Tyrannus tyr-
annus), Barn Swallows, Chipping Sparrows, and Common Yellowthroats (Geothlypis tri-
chas), may be at higher risk for population decline due to a loss of these features on the
northeastern landscape. It may, therefore, be the case that we are underestimating the
responsiveness of these species toward earlier phenology with warming temperatures.
Conversely, if a population is increasing over time, this can appear as if a population is
responding strongly to climate change when no such effect exists. Because of these issues,
we limited our analyses to species that were common in the eBird data set.

Future extensions of historical data

Here, we highlight the utility of combining modern-day eBird records with historical data to
assess changes in bird arrival dates. We suggest other researchers could do the same for
other study systems using additional citizen science records, such as leaf-out and flowering
records from the USA National Phenology Network (Crimmins et al. 2022) or iNaturalist
(Reeb et al. 2022). Furthermore, recent digitization of historical records, including museum
specimens and associated media containing phenological data (Willis et al. 2017; Meineke
et al. 2018), offer researchers increasing opportunities to synthesize modern and historical
datasets (Primack RB, Miller TK, et al. 2023). With each new type of phenological character
under study comes additional challenges of determining issues of sampling and data bias.
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In this study, the journals of past observers indicated that they were recording the first
sighting of each species, and comprehensive eBird records from Concord, Massachusetts
allowed us to estimate dates for the equivalent phenological stage for recent years. While we
have suggested a robust approach to compiling and analyzing these data for use in this
study, each dataset will have its own challenges in deciding how to proceed in tackling these
methodological and sampling issues. Despite these challenges, the growing availability of
volunteer-collected big data, and the thoughtful combination of them with historical
datasets, creates exciting opportunities for researchers to extend the geographic, environ-
mental, temporal, and taxonomic scope of bird phenology research in the face of climate
change (Dickinson et al. 2010; La Sorte et al. 2018; Gallinat et al. 2021).
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