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similar estimates of species' phenological sensitivities to temperature. Despite
this, two recent studies by Alecrim et al. (2023) and Miller et al. (2022) found
very different results when using different data sources (community science and
herbarium specimens, respectively) to investigate whether warming threatens
wildflowers with phenological mismatch in relation to shading by deciduous trees.

. Here, we investigated whether differences between the two studies' results

could be reconciled by testing four hypotheses related to model design, species,

spatiotemporal data extent and phenophase.

. Hybrid model structures brought results from the two datasets closer together

but did not fully reconcile the differences between the studies. Neither the spe-
cies nor the phenophase selected for analysis seemed to be responsible for dif-
ferences in results. Cropping the datasets to match spatial and temporal extents
appeared to reconcile most differences but only at the cost of much higher uncer-

tainty associated with reduced sample size.

. Synthesis: Our analysis suggests that although species-level estimates of phenologi-

cal sensitivity may be similar between community science and herbarium datasets,
inherent differences in the types and extent of data may lead to contradictory infer-
ence about complex biotic interactions. We conclude that, until community science
data repositories expand to match the range of climate conditions present in herbar-
ium collections or until herbarium collections match the spatial extent and temporal
frequency of community science repositories, ecological studies should ideally be

evaluated using both datasets to test the possibility of biased results from either.
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1 | INTRODUCTION

A trend towards earlier flowering and leafing-out of plants in the
temperate zone of the Northern Hemisphere in response to warmer
spring temperatures has emerged as one of the most sensitive and
well-documented biological indicators of climate change (Chmielewski
& Roétzer, 2001; Inouye, 2022; Parmesan, 2007). This shift in spring
phenology has wide-ranging implications for ecosystem services and
processes (Kim et al., 2018; Piao et al., 2019; Richardson et al., 2013)
as well as for ecological interactions involving pollinators, insect herbi-
vores, and seed dispersers (e.g. Freimuth et al., 2022; Ren et al., 2020;
Simmonds et al., 2020). Co-evolved, interacting species may react
differently to warming, potentially altering their phenological overlap,
a situation that has been termed “phenological mismatch” (Renner &
Zohner, 2018). Ecologists are actively investigating this phenomenon
and discussing what constitutes proof of its existence (ller et al., 2021;
Kharouba & Wolkovich, 2023; Samplonius et al., 2021). Phenological
mismatch is challenging to measure, and evidence to support it is lim-
ited, with most studies focusing on mismatches between trophic levels
(i.e. “trophic mismatch”), especially with respect to plant-pollinator in-
teractions (Renner & Zohner, 2018).

Recently, a paper by Heberling, McDonough, et al. (2019), using
field observational records that date back to the 1850s for 15 tree
species and 14 herbaceous wildflower species at one location,
concluded that trees and spring-blooming wildflowers in eastern
North America are increasingly exhibiting phenological mismatch
because tree phenology is more responsive to spring temperature
compared to that of wildflowers. Spring-blooming wildflowers rely
on access to early seasonal light (i.e. “phenological escape”; Jacques
et al,, 2015; Lee & lbafez, 2021a) to assimilate often more than
half—and up to 100%—of their annual carbon budget (Heberling,
Cassidy, et al.,, 2019; Lapointe, 2001). However, when tree phe-
nology is more responsive to climate change than wildflower phe-
nology, wildflowers experience less spring light than in the past,
resulting in a phenological mismatch. Indeed, one of the key findings
of the Heberling, McDonough, et al. study is that wildflowers are
experiencing less spring light than they did in the past because of
lower phenological responsiveness to spring temperature in com-
parison with trees. Further, this window of spring sunlight is ex-
pected to become even shorter in coming decades, with projected
reductions in energy budgets, survival, and reproductive success of
wildflower species (Heberling, Cassidy, et al., 2019; Lee et al., 2022;
Lee & Ibafnez, 2021b). Because species in the herbaceous under-
story make up most of the plant diversity in North American forests
(Gilliam, 2007; Spicer et al., 2020, 2022), with spring ephemerals
comprising about a fifth of all understory herbaceous species (Yancy
etal., 2023), projected declines in energy budgets could have serious
consequences for the conservation of biodiversity in these forests.

While the Heberling, McDonough, et al. (2019) study was inno-
vative, one limitation was that all the phenological observations were
obtained from a single location: the town of Concord, Massachusetts,
USA. Would the pattern of phenological mismatch between trees
and wildflowers shown for this one place be shared across larger
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conditions? Recently, two articles written by independent research
teams investigated this very question across eastern North America
(Alecrim et al., 2023; Miller et al., 2022). Surprisingly, they reached op-
posing conclusions (Figure 1a). Miller et al. (2022), using data from her-
barium specimens of 12 species (six trees and six wildflowers) collected
between 1870 and 2019, concluded that eastern North American
trees were more responsive to a warming climate than were spring-
blooming wildflowers. These findings echoed the single-site results
of the Heberling, McDonough, et al. (2019) study. In contrast, Alecrim
et al. (2023), using phenological data on 11 wildflower and 10 tree
species collected by community scientists (USA National Phenology
Network; https://www.usanpn.org) between 2009 and 2021, found
that spring-blooming wildflowers were more responsive to a warming
climate than were trees—suggesting that wildflowers would instead
experience a longer window of spring sunlight as temperatures rise.
While data from community science projects and herbaria can be cor-
related and reveal similar patterns (e.g. lwanycki Ahlstrand et al., 2022;
Ramirez-Parada et al., 2022; Spellman & Mulder, 2016), the studies by
Miller et al. (2022) and Alecrim et al. (2023) suggest that these differ-
ent data sources may sometimes lead to starkly different conclusions
when applied to complex ecological interactions.

For the present article, several authors of these two papers, and
of a related paper (Lee et al., 2022), came together to discuss what
factors (summarized in Table 1) may have contributed to the con-
tradictory results and to test whether controlling for some of these
factors could lead to better agreement between the two papers'
analyses and conclusions. Ultimately, we aimed to reconcile the con-
trasting results from these two studies, which would also help to
inform the use and interpretation of community science and herbar-
ium data in future phenological studies.

In our comparison of these two studies, we first identified several hy-
potheses which may explain the incongruencies in results: (1) differences
in how models were structured and analysed (including how data were
binned, how spring temperatures were calculated, how models were
coded, and what statistical packages were used); (2) differences in the
species for which data were available; (3) differences in the spatiotempo-
ral extents of the data used (and consequent differences in the tempera-
ture ranges considered); and (4) differences in the phenophase measured
(i.e. flowering versus first leaf-out of the wildflowers). Here, we address
these points using a comparative modelling approach and quantitative
analyses. We then discuss the implications of our findings for other stud-

ies that use long-term data to assess phenological mismatch.

2 | METHODS AND ANALYSIS

2.1 | H1.Differencesin model structure and
analysis

Studies of how climate change affects phenological mismatch
typically compare the reaction norms (phenological sensitivi-
ties) of interacting species to the same climatic driver (often
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temperature). Indeed, both Miller et al. (2022; using herbarium
collections data) and Alecrim et al. (2023; using community sci-
ence observations) used similar statistical approaches to quantify
the sensitivity of spring wildflower and canopy tree phenology to
average spring temperature, which is known to be a major driver
of plant phenology in spring in eastern North America (Flynn
& Wolkovich, 2018; Lee & Ibafez, 2021a; Polgar et al.,, 2014,
Sevenello et al., 2020). From here on, we refer to these studies by
their data sources (i.e. the ‘herbarium’ and ‘community science’
studies, respectively).

In addition to the differences in the data used, there were nu-
anced differences in model structure. Specifically, the community
science model structure estimated responses of Day of Year (DOY)
to spring temperature (spanning March-May) with hierarchical group
interactions (j; speciesxsite level; equivalent to random effects in
mixed modelling approaches) shaping estimates of model slope and
intercept. The community science analysis also added a year random

Warm Med. Cool Total

effect (k) to the intercept to account for non-independence of obser-

vations from the same year:

DOY/jy = ayi) + Bjjiy % temperaturey; (1)

The herbarium model used a different metric of spring tempera-
ture (spanning March-April) than the community science model.
Further, these authors used a common intercept (a,) for all species
within each functional group (i.e. spring-blooming wildflowers vs.
trees), did not include random effects in the slope estimates, and in-
cluded random intercepts only for species (s; note: not the same as the
j species xsite term used in Equation 1 since herbarium collections and

measurements are not typically repeated at the site level) and year (k):

DOY[:’] =g + ag) + B[ X temperature; 2)

These differences in model structure and in the definition of
spring temperature between the two studies could have contributed
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TABLE 1 Differences between Alecrim et al. (2023) and Miller et al. (2022) studies. “Hypothesis” refers to the numbered hypotheses

discussed in the text.

Hypothesis Factor

N/A Nature of data

H1 Model structure

H1 Modelling
software

H1 Temperature
metric used

H1 Binning approach

H2 Species
considered

H3 Geographic
extent

H3 Temporal extent

H4 Phenophase
considered

to the observed differences in overall estimates of phenological sen-
sitivity (Table 1). In both original studies, tree phenological sensitivity
was modelled separately from wildflower phenological sensitivity.
Therefore, the a, term in the herbarium model (Equation 2) can be in-
terpreted as the effect of functional group (trees versus wildflowers).

Alecrim et al. (2023);
community science data

Community science records
(USA-National Phenology
Network)

Random intercepts for year;
random intercepts and
slopes for species x site

STAN (using brms package;
Birkner, 2017, 2021)

Mean of March 1 to May 31
temperature from PRISM
(but other date intervals
also considered)

Binned data by latitude

10 native tree species, 11
native wildflower species

35.0-48.2°N, 67.4-90.9°W;
northeastern USA only

2009-2021

Wildflowers: leaf-out date
(“above ground buds with
green tips”)

Trees: leaf-out date (“fully
unfolded leaves”)

Miller et al. (2022);
herbarium data

Herbarium records

Random intercepts for
species and year; no
random slopes

JAGS (Plummer, 2003;
using R2jags package,
Su & Yajima, 2015)

Mean of March 1 to
April 30 temperature

from nearby NOAA
weather stations

Binned data by
temperature

6 native tree species,
6 native wildflower
species

27.2-48.6°N, 68.0-
96.4° W; eastern USA
and Canada

1870-2019

Wildflowers: presence of
open flowers

Trees: presence of young
leaves

With the community science model (Equation 1), the effect of func-

tional group can be calculated from the averages of the hierarchical

Explanation

Herbarium specimens were most likely to
be collected at peak of phenophase,
with limited repeat sampling of same
population; community science records
were filtered to obtain the earliest
observation at a locality, with more
common repeat observations of same
population (or even individual)

Complex model structures could affect the
results in subtle ways that are difficult
to predict

Differences resulting from using different
statistical software are unlikely, but
technically possible

Temperature ranges used might affect
phenological sensitivity estimates
if species are affected more by
temperatures early or later in the season
(Keenan et al., 2020)

Different bins could create artefacts in the
analysis that result in different slopes
based on how the data are partitioned.
However, this should not affect overall
(range-wide) conclusions

Only 4 tree and 2 wildflower species in
common between the two datasets;
species likely vary in phenological
response to temperature, so different
species suites could cause differences in
overall signal

Larger geographic range may encompass
broader range of temperature and
phenological response; different range
extents may not equally account for
spatial autocorrelative effects previously
shown to affect phenological sensitivity
(Wang et al., 2023)

Longer timespan may encompass broader
range of temperature and phenological
response, but longer time series can also
reduce likelihood of detecting temporal
trends. Shorter datasets can show
fluctuations that can be misconstrued
as trends (e.g. ller et al., 2013; Schmidt
et al., 2023; Thomson, 2019)

Different phenophases may respond
differently and may be more or less
sensitive to changing temperature (e.g.
Ettinger et al., 2018; Geng et al., 2022)

i and p;terms for all species within each functional group.

Here, we modelled phenological sensitivity as a function of
spring temperature using a hybrid model structure, adopting the
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March-May period used in the original community science analysis.
We downloaded spring temperature data for all observations in both
datasets from the PRISM database (PRISM Climate Group, Oregon
State University, 2022, https://www.prism.oregonstate.edu), fol-
lowing the methodology described in Alecrim et al. (2023).

Importantly, both studies included additional (“binned”) anal-
yses aimed at quantifying differences in phenological sensitivity
at southern, mid, and northern latitudes. The community science
paper separated observations by latitude (prioritizing spatial con-
gruency), while the herbarium paper instead binned observations
based on their associated March-April mean temperatures (priori-
tizing environmental similarity). These different binning approaches
could lead to between-study differences in trends observed within
latitudinal or climatic zones; however, they would not on their own
explain why the community science paper found range-wide greater
temperature sensitivity in wildflowers while the herbarium paper
found greater temperature sensitivity in trees. We controlled for
binning strategy in the present hybrid analysis by adopting a lati-
tudinal binning strategy similar to the one used in the community
science paper, but modified to better encapsulate the differences in
latitudinal variation across both datasets (Figure 2a). Furthermore,
we present results for all hypotheses in terms of overall model re-
sults (considering all data together without binning) and in terms of
results for individual bins.

Finally, while both analyses used similar hierarchical Bayesian
modelling approaches, the herbarium analysis used JAGS soft-
ware, which approximates the posterior distribution using a Gibbs
sampler (Plummer, 2003), whereas the community science paper
used STAN, which approximates the posterior distribution using
a Hamilton Monte Carlo sampler (Blrkner, 2017, 2021). Previous
studies suggest it is unlikely that the different programs and sam-
plers would yield substantially different results (Monnahan et al.,
2017), but it is still possible that they could be responsible for the
discrepancies in posterior estimates noted above and thus should
be controlled for.

To test the influence of these differences in model structure,
programming environment, and spring temperature window, we
reran the analyses using a single common spring temperature win-
dow (average March-May temperatures extracted from PRISM), and
statistical program (STAN). We used a hybrid model structure that
primarily reflects the herbarium model structure (Equation 2), but

with the addition of random slope effects for species:

DOY|jj = ag(i) + Bs[i] X temperaturey;, (3)

2.2 | H2.Differences in species investigated

Phenological sensitivity has been shown to vary systemati-
cally across different groups of plants based on shared traits,
growth strategies and genetics (Panchen et al., 2014; Rafferty &
Nabity, 2017). While phenological sensitivity is commonly aggre-
gated by groups of species (as with the two papers analysed here),
the most common level at which phenological sensitivity is reported
is at the species level, and sensitivity can vary substantially across
species within the same functional group. For example, although the
community science study found an average phenological sensitivity
of -4.9days°C™%, species-specific sensitivities ranged between -5.4
and -3.0days°C™?, suggesting the potential for large differences in
outcomes with respect to changes in spring light availability. Some
species, like Sanguinaria canadensis, were extremely sensitive (and
therefore more likely to gain access to light with warming), while
others, such as Trillium grandiflorum, were less sensitive and thus
more likely to experience reduced access to spring light.

The community science and herbarium analyses each derived
the overall sensitivity of wildflower and tree phenology by averaging
across different groups of species in these functional groups. The
community science analysis collated observations for more species
(11 wildflower species and 10 tree species) than did the herbarium
analysis (six of each group). Four tree species were included in both

(a) (b)
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FIGURE 2 Violin plots showing the
distributions of observations of trees and
wildflowers in the Community Science
(Comm. Sci.; open shapes) and Herbarium
(filled shapes) datasets by (a) latitude

and (b) average spring (March-May)
temperature. Horizontal lines in Panel

(a) represent the latitudinal bin breaks
used in the original community science
analysis (dashed lines at 40°N and 45°N)
and those we used for model comparisons

Tree Wildflower Tree

Wildflower (solid lines at 38°N and 42.5°N).
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studies (Acer rubrum, Acer saccharum, Fagus grandifolia and Quercus
rubra), but only two wildflower species were common between them
(Erythronium americanum and S. canadensis). Because the herbarium
analysis did not include species-level random slopes, we are unable
to compare species-level sensitivities from the original models.
Instead, we compare the species-level reaction norms for the hybrid
binned model design (Equation 3) for the wildflowers and trees in
each study while maintaining the same spring temperature windows,

latitudinal bins and programming environment described in H1.

2.3 | Ha3. Differences in spatiotemporal extent

Shifts in plant phenology are dependent on environmental varia-
tion in drivers such as temperature and precipitation. While many
global change studies focus on how environmental conditions vary
over time (Fu et al., 2012; Kudo et al., 2004; Zohner et al., 2018),
there is also substantial literature showing how geospatial variation
in environmental conditions affects the timing of flowering and leaf-
out both within a given growing season and in terms of long-term
temperature sensitivity (Peaucelle et al., 2019; Wang et al., 2023;
Willems et al., 2022). Moreover, several of these studies focus spe-
cifically on how temporal and spatial environmental variation inter-
act to influence the phenology of both plants and animals (Kharouba
et al., 2018; Kudo & Ida, 2013; Wann et al., 2019).

There are substantial differences between the two studies in
both the spatial and temporal extent of the data, with the difference
in temporal extent being larger due to the data sources involved.
The community science study collated all observations from the
USA-National Phenology Network database (https://data.usanpn.
org/observations/get-started; hereafter ‘NPN’) from 1 January to 31
July in the years 2009-2021, limiting their dataset to locations from
latitudes 35° to 48.2°N (based on data availability) and longitudes
east of 91°W (reflecting the geographical range of eastern hard-
wood forests). This data source only includes observations made in
the United States, so the authors could not include any Canadian ob-
servations. In contrast, the herbarium study included observations
dating from 1870 to 2019, with more observations in the south than
in the north, ranging from 27.2° to 48.6°N. Their dataset included
observations from southern Canada and from as far west as 96.4°W.
The latitudinal distribution of observations in both datasets is pre-
sented in Figure 2a.

Unsurprisingly, the herbarium dataset extends much further
back in time than the community science dataset. Although earlier
years experienced cooler springs compared to more recent years,
the southern skew of the herbarium dataset (Figure 2a) led to it hav-
ing more observations collected during warmer springs compared
to the more recent community science dataset (Figure 2b). Thus,
the two studies capture largely overlapping but distinct spatial por-
tions of the overall spring phenology-temperature relationship for
each plant functional group, with the herbarium dataset skewing
more towards warmer temperatures than the community science
dataset. Further, the functional groups within each dataset also
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dataset were skewed towards colder temperatures than the trees,
and trees in the herbarium dataset extended to both warmer and
colder temperatures compared to the wildflowers (Figures 2 and
3). If relationships between phenology and spring temperature are
in fact non-linear (e.g. ller et al., 2013; Kopp et al., 2020; Willems
et al., 2022), but were modelled as linear by each team of research-
ers, the different slope estimates could simply be the result of quan-
tification over different portions of the observed environmental
variation—and would consequently be valid only over the range of
the data each group considered (as pictured in Figure 3).

To evaluate the extent to which differences in spatiotemporal
range influenced the results of these two studies, we cropped the
herbarium dataset to match the community science dataset in (1)
spatial, (2) temporal or (3) spatial and temporal extent. That is, we
re-ran the original models described in Equation 3 using either (1)
only the data from the geographic range delimited in the original
community science analysis, (2) only the data from the temporal
range delimited in the original community science analysis, or (3)
only the data from the same temporal and geographic range as in
the community science analysis. The original community science
dataset comprised a subset of both the temporal and spatial extents
of the herbarium dataset, so it was not cropped for any of these
comparisons. However, we note that the community science dataset
still extends beyond the thermal range of the herbarium dataset into
cooler climates, especially for wildflowers (Figure 3). As before, we
held the spring temperature window and programming environment
constant between the two datasets.

When cropping the herbarium dataset by year, we used the same
latitudinal bins as in H1. However, in the two comparisons where we
cropped the herbarium dataset by latitude (1 and 3), we elected to
use the latitudinal bins employed in the original community science
analysis to better represent the geographic distribution of the data

(Figure 2a).

2.4 | HA. Differences in phenophase

Previous studies have shown that different phenophases have
different temperature sensitivities (Buonaiuto et al., 2021; Geng
et al., 2022). The herbarium and community science studies ex-
amined here differed regarding the specific phenophases used,
which could have contributed to the differences in results (Table 1).
Specifically, while both original studies used some measure of can-
opy tree leaf-out phenology, the herbarium study measured pheno-
logical sensitivity of wildflower flowering (for species that leaf out at
about the same time as flowering) whereas the community science
study measured changes in wildflower leaf-out. To test whether
these differences led to the different results, we ran the commu-
nity science model (following the model structure in Equation 3) but
with the phenophase described by NPN as “open flowers” (Denny
et al., 2014) for wildflowers (as opposed to the original “leaves” phe-
nophase used). We kept the phenophase “leaf-out” for trees and we
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FIGURE 3 Spring phenology vs.
springtime (March-May) temperatures

. T’y Comm. SCl. based on the Alecrim et al. (2023);

Community Science (Comm. Sci.)) and
Miller et al. (2022); Herbarium) datasets.
Green triangles represent observations
of tree leaf-out (Community Science
dataset) or presence of young leaves on
trees (Herbarium dataset); yellow squares
represent observations of wildflower
leaf-out (Community Science dataset) or
presence of open flowers on herbaceous
plants (Herbarium dataset). Lines are
linear fits with 95% confidence; they do
not account for effects of species, year, or
locality.
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used the same March-May spring temperature window as described
above for the hybrid model. We note that data for the “open flow-
ers” phenophase are available for only a 10-year timespan (vs. the
13years of leaf-out data used in the original analysis). We could not
do the converse analysis (i.e. changing the wildflower phenophase
used in the herbarium dataset) because of the heavy bias in her-

barium collections towards wildflowers that are in bloom.

3 | RESULTS
3.1 | H1: Differences in model structure and
analysis

Within the community science dataset, controlling for model struc-
ture, latitudinal bins, programming environment, and spring tem-
perature window makes the overall temperature sensitivities (i.e.
non-binned phenological reaction norms) of spring-blooming wild-
flowers and trees more similar to one another (Figure 1b). However,
the results still indicate that spring-blooming wildflowers have
greater temperature sensitivity than trees (95% BCI: -1.78 to -0.28;

20

does not overlap zero). For the herbarium dataset, the estimated
difference between functional groups now overlaps zero (95% BCl:
-0.39 to 1.23). These findings indicate that the different modelling
approaches and temperature calculations explain some, but not all,
of the differences between the two original studies. Specifically, the
overall (non-binned) estimates from the community science analysis
were more robust to changes in model structure, but in both cases
the estimates for trees and wildflowers moved closer to each other
and the differences between datasets were reduced.

Importantly, however, slope parameters (phenological sensitivi-
ties) estimated using the latitudinal bins showed a different pattern
(Figure 1). Here, results from the herbarium dataset tended to be
more robust than those from the community science dataset. The
estimated difference in phenological sensitivity did not differ in
the warmest (southernmost) bins between the original and hybrid
model structure for either dataset: the estimated difference in the
community science dataset still overlapped zero and the estimated
difference in the herbarium dataset remained positive (Figure 1).
However, while the herbarium results were the same (with differ-
ence estimates overlapping zero) in both the original and hybrid
model structures for the central and northern bins, the difference
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estimates from the community science dataset moved from strongly
negative to overlapping zero, with mean values very close to zero.
Together, this shows that the community science range-wide (non-
binned) trends are more robust to changes in model structure
whereas the herbarium results tend to be more robust when broken
down into latitudinal bins.

3.2 | H2:Differences in species investigated

For species common to the two datasets, phenological sensitivities
(slopes of phenology vs. spring temperature) were generally similar
between datasets when analysed using the hybrid modelling frame-
work (Figure 4; 95% Bayesian credible intervals overlap for 4 of the
6 shared species). However, the community science dataset consist-
ently showed higher temperature sensitivity for wildflowers (i.e. more
negative values; Figure 4a) and lower temperature sensitivity for trees

Journal of Ecology EEE-EEET%:M

(values closer to zero; Figure 4b) compared to the herbarium dataset.
This pattern mirrors the overall difference between the original stud-
ies (Figure 1) and suggests that the difference in original results cannot
be explained by the inclusion of different species in each study.

A similar pattern can be seen for species not shared between the
two datasets: the community science dataset shows wildflowers to
be overall more sensitive (Figure 4a) and trees to be less sensitive
(Figure 4b), compared to the herbarium dataset. Thus, the difference
in overall (non-binned) results noted in the original studies does not
seem to be due to species differences.

When evaluating differences among the latitudinal bins for each
species, there was again broad overlap within the species shared
across both datasets. Fifteen out of the 18 speciesxbin combina-
tions showed similar estimates of phenological sensitivity across the
two datasets (Figure 5; i.e. 95% BCls overlap). The only meaningful
differences in binned sensitivity between the two datasets were
for the wildflower E. americanum (which was estimated to be more
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FIGURE 4 Species-level phenological
sensitivities (4; in days °C™Y) for (a)
wildflower species and (b) tree species

in the Alecrim et al. (2023), Comm. Sci.;
open symbols) and Miller et al. (2022),
Herbarium; filled symbols) datasets.
Named species were included in both
papers' species pools while all species
unique to each paper are grouped in

the “Unshared” category. All reaction
norms in this figure are estimated across
the entirety of the geographic range
present in the dataset. Binned parameter
estimates for the shared species are _6-
shown in Figure 5 and those for the
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unshared species are shown in Figure S1. A. rubrum

A. saccharum F. grandifolia Q. rubra Unshared
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sensitive in the northern, cool bin when using the community science
dataset instead of the herbarium dataset) and the trees Acer rubrum
and Fagus grandifolia (which were both estimated to be more sensitive
to temperature in the southern, warm bin when using the herbarium
dataset instead of the community science dataset) (Figure 5). Thus,
the few species-level binned differences were consistent with the
overall trends, with wildflower species relatively more sensitive in the
community science dataset and tree species relatively more sensitive
in the herbarium dataset. Lastly, there was broad overlap between
datasets in the 95% BCls among the species that were unique to each
study, although there were some pairwise differences (Figure S1).

3.3 | HS3: Differences in spatiotemporal extent

Cropping the herbarium dataset to match the spatial and tempo-
ral ranges of the community science dataset reduced the extent to

Cool Al

which the two datasets predicted opposite trends (Figure 6; com-
pare to Figure 1b). Again, we note that because the years and the
geographic extent of the community science dataset were each a
subset of those encompassed by the herbarium dataset, the commu-
nity science parameter estimates reported in Figure 6 are the same
as those reported in Figure 1b (n=8045, no change from cropping).
The estimated non-binned mean difference in phenological sensi-
tivity in the herbarium dataset moved from positive to near zero
when data were cropped by latitude (Figure 6a) and moved below
zero into negative values (i.e. trees less sensitive than wildflowers)
when cropped by year or by both latitude and year (Figure éb,c). In
addition to these shifting mean values, 95% BCls also became much
wider and overlapped zero when compared to the results from the
original herbarium dataset (Equation 3, Figure 1b), especially when
cropped by year.

The increased uncertainty was primarily due to substantial
reductions in sample size: the herbarium dataset was reduced
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from n=2016 to n=1582 (21.5% reduction) when cropped by
latitude, from n=2016 to n=67 (96.7% reduction) when cropped
only by year, and to n=47 (97.7% reduction) when cropped to
the same spatial and temporal extents as the community science
dataset. Cropping thus led to drastic limitations in the model's
ability to converge in the binned analysis (see below) and this se-
verely limits the interpretation of the overall model results pre-
sented in Figure 6. While these results suggest that differences
in spatiotemporal extent of the datasets may be at least partially
responsible for the differences in initially-reported model re-
sults, the reduction in sample size prevents us from making firm
conclusions.

Sample size issues were most apparent with the binned results.
When cropped by latitude, results from the herbarium dataset
showed sharp increases in uncertainty in the northernmost cool
bin (Figure S2), likely due to the strong reduction in sample size
(Figure S5). Cropping by year led to strong increases in uncertainty in
the warm and medium bins for the herbarium dataset (Figure S3) and
left zero observations in the northernmost cool bin for both trees
and wildflowers. This prevented us from making any inference about
phenological escape sensitivity at northern latitudes when cropping
by year. Cropping by year and latitude led to even wider credible in-
tervals (Figure S4) and similarly prevented us from making any infer-
ence at northern latitudes. Although cropping the herbarium dataset
yielded parameter estimates indistinguishable from those produced
by the community science dataset, we cannot determine whether
this reflects convergence on a single “true” signal or simply the high

uncertainty associated with lack of data.
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3.4 | H4: Differences in phenophase

When we changed the phenophase used in the community science
dataset to “flowering” (as opposed to the leaf-out phenophase
used in the original paper), the difference in phenological response
between wildflowers and trees was not meaningfully different
from either the estimates in the herbarium model or from zero.
In part, this was because the posterior estimated mean difference
in sensitivity moved from -1.03 in the hybrid model with wild-
flower leaf phenology (Figure 1b) to -0.64 when using wildflower
flowering phenology instead (Figure 7). However, this shift was
also affected by the greater uncertainty surrounding our posterior
estimates of difference between wildflower and tree sensitivity,
with wider confidence intervals when using the community sci-
ence flowering data (BCls change from (-1.78, -0.28) when using
the leaf-out data to (-2.07, 0.65) when using the flowering data, an
increase in uncertainty of ~1.2days C°%). This increase in uncer-
tainty is probably at least partially associated with reduced sample
size: The wildflower sample size declined from n=2005 for the
leaf-out phenophase to n=1285 for the flowering phenophase, a
35.9% reduction. Still, the mean signal from the non-binned com-
munity science data remained negative, meaning that the two
datasets still show overall opposite trends for phenological escape
duration.

Only one aspect of the binned results changed in our esti-
mates of wildflower sensitivity when using the flowering phe-
nophase instead of leaf-out in the community science dataset:

Wildflower sensitivity in the southern, warm region changed from

(a) (b) (©)
2- 2+ 24
T | Dataset
_ 0----% ___________ Y P E 04---L O Comm.Sci. | _
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M
X ® -
8 -2 - -2 4 -2
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FIGURE 6 Posterior estimated means (points) and 95% Bayesian credible intervals (whiskers) of phenological sensitivities (4, days °C™})
of wildflowers (WF, squares), trees (triangles), and the difference between them (circles) using the Community Science (Comm. Sci.; open
symbols) and Herbarium (filled symbols) datasets. Panels differ in whether the Herbarium dataset was cropped by (a) latitude, (b) year, or (c)
latitude and year to match the spatial and/or temporal extents present in the Community Science dataset. Posterior parameter estimates for
latitudinal/temperature bins for versions of the cropped models are provided in Figures S2-54.
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not different from zero in the hybrid model (Figure 1b) to nega-
tive (Figure 7). This caused the estimated difference between tree
and wildflower sensitivity in the warm bin to move from strongly
positive to near zero, although in both cases the credible intervals
overlapped zero.

4 | DISCUSSION

In this paper, we presented a series of analyses to test defined
hypotheses with the aim of reconciling contradictory results
from two recent studies—one using community science (Alecrim
et al, 2023), the other using herbarium specimens (Miller
et al., 2022)—describing the sensitivity of canopy tree phenology
and understory wildflower phenology to warmer spring tempera-
tures. Overall, we find that differences in model structure (H1)—
specifically, how data were binned, how spring temperatures were
calculated, how models were coded, and what statistical packages
were used—appear to be a major factor in the different conclu-
sions reached by the two studies. The hybrid model structure
(Equation 3) brought the two results closer together, but discrep-
ancies remained that were not explainable by differences in model
structure and analysis. Below we discuss the roles that each of
the hypothesized factors (model structure and analysis, species,
spatiotemporal extent and phenophase) appear to have played in

the difference in results of the two studies.

4.1 | H1:Differencesin model
structure and analysis

The original herbarium paper result, that trees are more respon-
sive to temperature change than wildflowers, was no longer sup-
ported when random slope estimates were included to match the
model structure of the original community science paper approach

Warm Med. Cool Total  Warm

Med. Cool Total

(Figure 1). Merging the model structures also moved the reaction-
norm difference described in the community science paper closer to
zero, although it remained negative (indicating higher sensitivity in
spring wildflowers; Figure 1b).

Surprisingly, though, the datasets yielded different results when
data were binned by latitude and temperature. The binned results
from the herbarium dataset did not change with respect to overall
signal compared to the original herbarium study. Trees were more
sensitive than wildflowers in the southern/warm bin, with no mean-
ingful differences between functional groups in the central and
northern/cool bins (Miller et al., 2022). In contrast, the results from
the community science dataset changed such that estimated differ-
ences in sensitivity between wildflowers and trees now overlapped
zero in all bins (Figure 1b).

Whether data were binned or not, using the same hybrid model
brought the results closer together. Interestingly, the overall (non-
binned) signal for the herbarium dataset was less robust to model
changes than was the community science dataset, whereas the oppo-
site was true when evaluating the results for latitudinal/thermal bins.
This difference between binned and non-binned results may be caused
(at least in part) by the similarity of the overall model structure (ran-
dom slope estimates, temperature window, and statistical software)
to what was used in the original community science analysis (Alecrim
et al., 2023), and the similarity of the binning to what was used in the
original herbarium analysis (Miller et al., 2022). Therefore, the ob-
served changes in herbarium results when non-binned were likely due
to the inclusion of random slopes, whereas changes in community sci-
ence results in the central and northern bins are likely associated with
the changes we made to the latitudinal bins (shifting them south to bet-
ter represent the latitudinal distribution of both datasets; Figure 2a).

Random slopes, which were absent in the original analysis of the
herbarium dataset, are typically used when analysing data that in-
volves repeated measurements over time and where individual sub-
jects (or, in this case, species) might be expected to differ in their
response to a predictor. They are also helpful when analysing data
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with a hierarchical structure, such as when measurements are taken
within nested groups (e.g. species within a functional group). In
these cases, random slopes can account for within-group variation
and improve the accuracy of the analysis (Oberauer, 2022). For the
original community science study, a random slope for the interaction
between species and site was included to account for the variability
in the response to temperature caused by differences between spe-
cies and geographical locations. The decision to use nonhierarchi-
cal, shared slopes in the original herbarium study was based largely
on precedent from previous models of phenological sensitivity (e.g.
Heberling, McDonough, et al., 2019). This approach did not allow
the authors to evaluate species-level sensitivities; it instead placed
the focus on community or functional-group signals. Overall, the de-
cision to use random slopes in Bayesian analysis should be based
on the specific characteristics of the data and research question at
hand, but it's important to note that our analysis here indicates that
the decision can affect model results and inference.

4.2 | H2: Differences in species investigated

Differences in species selection did not explain much, if any, of the
difference in results between the community science and herbarium
studies, suggesting that group-level signals are relatively strong (at
least within each dataset). The differences in sensitivities between
the datasets remain when looking at only species that were shared
across both analyses (6 of 28 species; Figure 4). Species unique to
each study also appeared to have sensitivities in line with other
members of their functional group (‘Unshared’ species in Figure 4).
When binned by latitude, most species-level responses overlapped
between datasets for all three bins (Figure 5, Figure S1), likely as a
result of the reduced sample sizes for these comparisons. The con-
sistency with the original analyses of the species-level signals in both
datasets suggests that the different species pools for each dataset
are not responsible for the original differences between studies
(shown in Figure 1a).

4.3 | H3: Differences in spatiotemporal extent

Differences in the spatial, temporal and spatiotemporal extents
of the community science and herbarium datasets seemed to ex-
plain some of the discrepancy in results. If the herbarium dataset
is constrained to only include latitudes and/or years used in the
community science paper, the estimated differences between the
two datasets are either maintained (Figure 6a, when cropped only
by latitude) or reduced (Figure éb,c, when cropped by year or year
and latitude). This was the only hypothesis we tested where the sign
changed for the overall signal for one of the datasets: When crop-
ping by year, or by year and latitude (Figure éb,c), the overall signal
from the herbarium dataset moved from positive (indicating a reduc-
tion in phenological escape duration under warmer temperatures)
to negative (indicating an increase in duration and agreeing with
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cropping the herbarium dataset by year alone reduced the combined
sample size of wildflowers and trees from n=2016 to n=67, a nearly
97% reduction. Cropping by both year and latitude further reduced
the sample size to n=47.

When we binned the data, data attrition from cropping the her-
barium dataset prevented meaningful statistical inference and, in
some cases, prevented us from making any inference at all. For ex-
ample, cropping the dataset by year alone removed all observations
of tree and wildflower phenology in the northern, cool bin, meaning
that we were unable to estimate phenological sensitivities (or the
difference between them) in that part of their range (Figures S2-54).
Even in the central and southern bins, cropping by year left no more
than 19 individual observations in any of the four remaining func-
tional group x bin combinations (Figure S5).

It is also possible that differences in results between the orig-
inal articles are due in part to changes in phenological sensitivity
over time or differences in phenological sensitivity across space (es-
pecially at the southern range limits for some of the species stud-
ied). Specifically, differences between the two datasets could be
partially attributable to non-linear phenological responses to envi-
ronmental variation which are differently captured by the herbar-
ium and community science datasets. Such differences could imply
variation in local adaptation across the plants' ranges (Kharouba &
Vellend, 2015; Zettlemoyer & Peterson, 2021) or saturating pheno-
logical responses to environmental cues (ller et al., 2013). But these
results could also be artefacts of severe data limitations; analyses of
phenological changes are known to be sensitive to sample size, time
period and geographic extent (e.g. Bolmgren et al., 2013; Primack
et al., 2009).

4.4 | HA4:Differences in phenophase

Differences between the two studies were not fully explained
by choice of phenophase. The community science dataset, using
wildflower flowering instead of leaf-out, still points towards an
overall trend of wildflowers being more sensitive to tempera-
ture than trees (Figure 7), although there was increased overlap
in parameter estimates from the two datasets. The 95% credible
intervals for the overall difference between wildflower and tree
sensitivity also changed to overlap with zero, meaning we would
no longer expect a change in phenological escape duration with
warming. When data were binned by latitude and temperature,
there were still no differences in community science estimates be-
tween the leaf-out and flowering model estimates (other than a
small change in statistical significance for wildflower sensitivity in
the southern, warm bin).

On one hand, this is not that surprising because early spring wild-
flowers (and spring ephemeral wildflowers especially) often flower
immediately following emergence in spring (Neufeld & Young, 2014).
The tight relationship between flowering and emergence for these
species is often cited in herbarium studies as a justification for using

ASUADIT suowwo)) dA1nea1) dqeorjdde ay) £q pouUIdAOS 21 SI[ONIR Y (SN JO SINI 10J AIRIIT dUI[UQ AI[IAY UO (SUONIPUOD-PUER-SULID)/WOY" AJ[1M’ A1eIqI[aul[uo//:sdny) suonipuo)) pue swis ], ay) 39S *[£202/90/S0] uo Areiqry sutjuQ LI ‘LIEH T SHLT-SOST/T 111 01/10p/wod Ko[im’ K1eiqiaul[uosjeuInolsaqy/:sdiny woiy papeo[umo( ‘9 ‘$70T ‘SrLISIET



1196 BRITISH

LEE ET AL.

Journal of Ecology £t

the flowering phenophase as a proxy for leaf expansion (Heberling,
McDonough, et al., 2019; Lee et al., 2022). On the other hand, how-
ever, flowering and leaf-out in temperate tree species have been
found to be differently sensitive to changes in spring temperature
(Buonaiuto & Wolkovich, 2021), with the order of flowering and
leaf bud burst potentially changing with ongoing climate change
(Buonaiuto et al., 2021). It is thus not unreasonable to think that a
similar dynamic could occur for understory wildflower species, in
which case we would have expected there to be a difference in the
signal depending on the phenophase used. Regardless, our results
suggest that the findings from the community science dataset were
generally robust in the choice of phenophase used in analysis.

5 | CONCLUSIONS

Where does this leave us with reconciling the contradictory results
in the two original analyses? The community science and herbarium
datasets seem to consistently indicate that the phenology of wild-
flowers in the southern/warmer portion of eastern North American
temperate deciduous forests is less sensitive to changes in tempera-
ture than that of co-occurring tree species (represented by positive
differences in the left-hand panels of Figure 1). This result appears
to be relatively robust. In addition, both datasets suggest strik-
ingly similar estimates of the sensitivity of wildflowers and trees to
spring temperature at both the functional group level (Figure 1b;
95% Bayesian credible intervals for each dataset generally overlap
for each bin x functional group combination) and the species level
(Figure 5, Figure S1). Further, phenological activity was consistently
found to be earlier in warmer years and warmer locations. That is, for
all hypotheses we tested, for all species and both functional groups
(wildflowers and trees), and for both the binned and non-binned re-
sults, phenological sensitivity was found to be fairly consistent and
negative even if the difference between functional groups varied.
This largely agrees with previous studies that have found similar par-
allels when comparing herbarium and community-generated obser-
vational datasets (lwanycki Ahlstrand et al., 2022; Ramirez-Parada
et al., 2022; Spellman & Mulder, 2016).

However, full reconciliation of model differences remains elu-
sive. The results associated with both datasets were generally
consistent (and consistently different from each other) across
the hypotheses we tested. While merging model structure (in-
cluding how data were binned, how spring temperatures were
calculated, how models were coded, and what statistical pack-
ages were used) tended to move the results closer together, the
datasets still produced results that suggested different ecological
trends. Specifically, the community science dataset consistently
suggests that wildflowers are generally more sensitive to spring
temperature than trees, whereas the herbarium dataset suggests
that wildflowers are either as sensitive as or less sensitive than
tree species. Remaining differences in results could be attribut-
able to other factors not accounted for in our analysis. For exam-
ple, it is possible that regional or local microclimatic differences,

which may differ with forest characteristics, influence phenology
in ways that are also profound but difficult to disentangle (De
Frenne et al., 2013; Willems et al., 2021; Zellweger et al., 2020),
especially using herbarium and community science datasets that
almost never include environmental data collected at the time of
sampling.

In sum, our analyses demonstrate that choices of model struc-
ture can greatly impact study conclusions, a point that has been
raised previously in ecology (e.g. Arnqvist, 2020). In addition, al-
though our results seem to support recent findings that community
science data and herbarium collection data yield analogous esti-
mates of phenological sensitivity in North America at the species
level (Iwanycki Ahlstrand et al., 2022; Ramirez-Parada et al., 2022;
Spellman & Mulder, 2016), they also suggest that inferences about
complex ecological mechanisms such as phenological mismatch in
species interactions may still be significantly affected by the type
and spatiotemporal extent of data. In light of this sensitivity, along
with the fact that the effect sizes we have calculated are on the
order of only a 1- to 2-day change in phenological escape duration
per degree C, ecologists should be cautious about inferring that
climate change will lead to population declines in understory wild-
flowers due to loss of phenological escape. Finally, until community
science data repositories grow to match (or at least approach) the
coverage present in herbarium collections or until herbarium col-
lections expand to capture the same spatial extent and temporal
frequency of community science repositories, we conclude that
ecological studies should ideally incorporate both datasets in anal-
ysis as much as possible to rule out the possibility that one or the
other biases inference.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Figure S1. Binned posterior estimates of the mean (points) and
95% Bayesian Credible Intervals (BCI, whiskers) of phenological
sensitivity for the 13 wildflower (top panel) and nine canopy tree
species (bottom panel) unique to the Community Science (open
symbols) and Herbarium (closed symbols) datasets.
Figure S2. Posterior means (points) and 95% Bayesian credible
intervals (whiskers) for the estimated difference in phenological
sensitivity (circles) between wildflower (squares) and canopy tree
(triangles) sensitivity when the Herbarium dataset (closed symbols)
is cropped to the same spatial extent as the Community Science
dataset (open symbols).
Figure S3. Posterior means (points) and 95% Bayesian credible
intervals (whiskers) for the estimated difference in phenological
sensitivity (circles) between wildflower (squares) and canopy tree
(triangles) sensitivity when the Herbarium dataset (closed symbols)
is cropped to the same temporal extent as the Community Science
dataset (open symbols).
Figure S4. Posterior means (points) and 95% Bayesian credible
intervals (whiskers) for the estimated difference in phenological
sensitivity (circles) between wildflower (squares) and canopy tree
(triangles) sensitivity when the Herbarium dataset (closed symbols) is
cropped to the same spatial and temporal extent as the Community
Science dataset (open symbols).
Figure S5. Distributions of observations of wildflower (WF, yellow
volumes) and tree (blue volumes) phenology in (A) the original
Community Science dataset and (B) the Herbarium dataset
when cropped by latitude, year, or latitude and year to match the

Community Science dataset (as described in H3 Methods).
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